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Abstract

USING PRINCIPLES OF SEASCAPE ECOLOGY TO CONSIDER RELATIONSHIPS
BETWEEN SPATIAL PATTERNING AND MOBILE MARINE VERTEBRATES IN A
SEAGRASS-MANGROVE ECOTONE IN BIMINI, BAHAMAS
Sarah Rebecca Taylor Driscoll
Antioch University New England
Keene, New Hampshire

Seagrass meadows and mangrove forests are ecologically and economically important
systems that are increasingly threatened by anthropogenic activity. This study used a noninvasive method, baited remote underwater video systems (BRUVS), to observe mobile
marine vertebrates in the seagrass-mangrove ecotone in North and South Bimini, the only
area where mangroves remain in the northwestern Bahamas. An extensive area of
mangroves and seagrass was removed for coastal development in North Bimini, where a
marine protected area, the North Bimini Marine Reserve (NBMR), has been under
consideration for decades. This research applied principles of seascape ecology to assess
species abundance, diversity, and richness of marine fauna at 102 BRUVS deployment sites
to answer the central research question, how does seascape composition and configuration
influence mobile marine vertebrates in seagrass meadows adjacent to mangrove and nonmangrove habitats in Bimini, Bahamas? Findings highlighted the importance of the seagrassmangrove ecotone for marine vertebrates (teleosts, elasmobranchs, and reptiles) with
greater species abundance, diversity, and richness associated with denser seagrass near
mangrove-lined shores. This dissertation is available in open access at AURA,
http://aura.antioch.edu/ and OhioLINK ETD Center, https://etd.ohiolink.edu/etd.

Keywords: Baited Remote Underwater Video System (BRUVS); Bimini, Bahamas; fish;
landscape ecology; red mangrove, Rhizophora mangle; North Bimini Marine Reserve;
seagrass, Thalassia testudinum; seagrass-mangrove ecotone; seascape ecology
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Chapter One: An Introduction to Landscape Ecology
A Historical Perspective
The scientific subdiscipline of seascape ecology is based upon principles and
concepts developed in the field of landscape ecology. It is therefore necessary to build a
foundation of knowledge in the terrestrial realm to understand how principles of seascape
ecology can be used to describe the influence of spatial patterning on the diversity and
distribution of mobile marine vertebrates in seagrass and mangrove systems in Bimini,
Bahamas. A brief introduction to landscape ecology is thus appropriate before exploring
the related field of seascape ecology.
Figure 1
“Wooded and Hilly Landscape” by Jacob van Ruisdael, 1660s., Painting, Oil on Canvas

Note. Courtesy Cleveland Museum of Art, Cleveland, OH, US. Permissions: See Appendix A. Retrieved
from https://www.clevelandart.org/art/1963.575
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To Begin: What is a Landscape?
The word landscape was derived from the Dutch word landschap, which evolved
from landschappen, the art of landscape painting (Troll, 1950; 1971). Until the 1600s,
artistic landscapes were restricted to background scenes in paintings centered around
historical or religious subjects (Forman & Godron, 1986). In the following century, the
natural world became the main focus for artists in Europe; an exceptional example of
landscape painting is seen in Figure 1. In the painting by Jacob van Ruisdael, a mother and
child make their way through a wooded path, followed by their dog. The work speaks to the
complex and evolving relationship humans have with nature. Over time, the perception of
landscapes evolved to encompass the idea that they held not only artistic, but ecological,
meaning (Zonneveld, 1990).
In 1806, German explorer and botanist Alexander von Humboldt introduced the
idea of a landscape, Der Totalcharakter einer Erdgegend, the total character of a patch of
Earth (cited Troll, 1950; Naveh & Lieberman, 1990). Humboldt’s work was influential for
German biologist and marine ecologist Ernst Haeckel, who suggested in 1866 the term
oecologie, or the study of living beings and their relationship with the environment; the
term was later translated to ecology (Haeckel, 1866; Troll, 1971). Humboldt’s term was
derived from the Greek root, oikos, for house or environment. Ecology has since been more
precisely defined as the study of the function and structure of nature (Odum, 1963) and the
science of relationships between living organisms and the environment (Loreau, 2009).
Landscape Ecology Develops in Europe
Humboldt’s research was significant for German geographer and biologist, Carl
Troll. Like Humboldt, Troll understood the complexities of natural systems and was
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concerned with the human response to environmental change (Holtmeier, 2015). Many of
Troll’s views were shaped by extensive time in the field, collecting data and making
observations. In 1939, at the onset of World War II, he was the first to use the German
phrase Landschaftsökologie, or landscape ecology, after realizing the potential that aerial
photography held for interpreting landscapes. He envisioned combining aspects of the
physical and biological sciences to develop a field of study that encompassed both living
and non-living landscape phenomena (Troll, 1971; Naveh & Lieberman, 1990). Troll later
defined landscape ecology as the study of the main relationships between communities of
organisms and their environments at different orders of magnitude (Troll, 1971).
The significance of Troll’s view was that he suggested the “horizontal” approach, or
that of the geographer, be combined with the “vertical” approach, or that of the ecologist, in
landscape ecology. He believed that landscape ecology should combine biology, ecology,
and geography in order to understand regional patterns of distribution and the major
causal relationships or mechanisms underlying the processes under study (Troll, 1971).
Traditional ecology had been focused on relationships among plants and animals within
relatively homogenous areas; Troll’s approach of studying relationships among different
spatial units offered a unique perspective (Forman & Godron, 1986).
Although Troll first conceptualized a landscape ecology discipline in the 1930s, it
took several decades to take root in Central and Eastern Europe. The collaboration of
ecologists, geographers, landscape architects, landscape designers, and landscape planners
focused work in agricultural, natural, and urban systems together towards a common goal
(Naveh & Lieberman, 1990). Landscape ecologists or biogeographers concentrated efforts
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on land evaluation and mapping to develop recommendations for land-use and
conservation (Ruzicka & Miklos, 1990; Schreiber, 1990).
In the 1950s, the Russian botanist Vladimir Sukachev built upon the prevailing
holistic view of the landscape and developed the biogeocenosis concept as an extension of
German zoologist Karl Möbius’ concept of biocoenosis (Möbius, 1877; Naveh & Lieberman,
1990). Möbius proposed the term to describe a community where all species within a
defined territory were mutually influenced by external environmental conditions (Möbius,
1877). Sukachev also worked with Russian botanist Georgiı̆ Morozov who interpreted
woodlands as biogeographical units which included the plant and animal world and the
processes that influence both (Troll, 1971).
Sukachev, influenced by compatriots Morozov and Berg, defined biogeocenosis as a
combination of both the living and non-living components of a specific, homogeneous area
that had specific types of interactions and an interchange of energy and matter (Troll,
1971). Sukachev’s inclusion of energy flow and ecological dynamics made biogeocenosis
almost synonymous with the ecosystem concept introduced by the English botanist and
ecologist, Arthur Tansley. In 1935, Tansley conceptualized ecosystems of different types
and sizes, from a single atom to the entire universe, where a constant interchange between
biological and physical process existed (Tansley, 1935).
Important developments in landscape ecology were also made in the Netherlands,
driven primarily by Isaak Zonneveld (Forman, 2015). Zonneveld organized the first
international landscape ecology conference in the Netherlands in 1981, bringing together
scientists from both Europe and North America (Wiens, 2006). As a geographer, Zonneveld
was keenly interested in the use of aerial photography for interpreting landscapes for land-
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use planning (Naveh & Lieberman, 1990). Although Zonneveld believed that landscape
ecology best aligned with the geographical sciences, not biology and ecology, he took a
holistic view of the landscape where different elements influenced one another (Barrett et
al., 2015, Naveh & Lieberman, 1990). While Zonneveld certainly focused on the land unit,
he also reasoned there were three different, but inseparable, ways to perceive landscapes.
These included a visual, a chorological, and a comprehensive ecosystem view. He
considered the earth to be an open system influenced by physical, biological, and
noospherical factors to which the fourth dimension of time could be added (Zonneveld,
1990).
In 1984, Israeli ecologists Zev Naveh and Arthur Liberman published the first
textbook on landscape ecology in English. They focused on unifying the conceptual
framework of landscape ecology and defined it as a relatively new branch of science which
dealt with relationships between humankind and built landscapes (Naveh & Lieberman,
1990). Naveh and Liberman introduced the concept of the total human ecosystem as the
top level of ecological hierarchy based on the premise of a hierarchical order of nature and
general systems theory developed by von Bertalanffy in the 1960s (von Bertalanffy, 1969).
Nature, an open system composed of levels with emerging qualities, could not be separated
from the influence of humankind. Naveh and Liberman therefore included a moral aspect to
landscape ecology; humans were obliged to preserve and manage natural areas, which held
cultural, educational, and scientific value (Naveh & Lieberman, 1990).
Landscape Ecology Emerges in North America
In the 1970s, the European perspective of landscape ecology was discovered in
North America (Forman, 2015). At first, some researchers dismissed landscape ecology as
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pseudoscience, others were doubtful of the scientific rigor of studies conducted on a broad
scale, and some thought it basically involved playing with maps (Turner & Gardner, 2015).
Despite initial criticisms, landscape ecology as a scientific discipline began to flourish in
North America in the 1980s. While originally dominated by a holistic European perspective
focused on applied science, landscape ecology in North America became more analytical
and focused on fundamental science. Although they had differences, the two perspectives
were complementary, not contradictory, and contributed to landscape ecology becoming
an interdisciplinary and international field of study (Wu, 2013b).
There were several key developments that supported the discipline’s growth in
North America. These included the publishing of several classic texts on the science and
methodology of landscape ecology, the founding of the International Association for
Landscape Ecology’s journal, Landscape Ecology, in 1982 by University of Georgia’s Frank
Golley, and the first North American landscape ecology workshop in Allerton Park, Illinois
in 1983 (Golley, 1987; Wu, 2013a).
The Allerton Park workshop brought together 25 researchers from diverse scientific
backgrounds who determined that an ecological perspective of landscape ecology was
justified (Risser et al., 1984). From their discussions a singular definition of landscape
ecology was developed, which focused explicitly on spatial patterning and considered the
dynamics and development of spatial heterogeneity, exchanges and interactions across
landscapes, and the influences of spatial heterogeneity on ecological processes. The
importance of considering the human impact on, and responses to, ecological processes
was also stressed. The group recommended that landscape ecologists, focused on a
particular scale, could benefit from making observations on the effects of pattern at
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different scales (Risser et al., 1984). While the initial emphasis on heterogeneity in itself
was eventually found too simplistic (Wiens, 2008), it laid an important foundation for
recognizing the influence that the arrangement of landscape elements had on ecological
processes (Lovett et al., 2005). The report that emerged from the workshop has remained
relevant as a guide for landscape ecologists for decades (Wu, 2013a).
In 1986, ecologists Richard Forman and Michael Godron published the second
English textbook on landscape ecology. In Landscape Ecology, they introduced key
principles and concepts, described landscape structure, and discussed landscape dynamics.
Forman and Godron defined landscapes as heterogeneous area of different sizes (down to a
few kilometers wide) composed of interacting ecosystems. While they supported other
perspectives, i.e., a landscape could be the surface of a single mangrove leaf as viewed by an
insect, they emphasized the use of a broader landscape scale (Forman & Godron, 1986).
Monica Turner, one of the first female landscape ecologists, then authored and
edited several texts that provided a strong foundation in methods, theory, and practice in
landscape ecology (Gergel & Turner, 2002, 2017; Turner, 1987; Turner & Gardner, 1991,
2015). Turner also worked with landscape ecologist John Wiens in editing Foundation
Papers in Landscape Ecology, which covered the development of perspectives and
approaches in landscape ecology and presented key papers that illustrated the progression
of landscape ecology as a scientific discipline (Wiens, 2006). In her most recent work,
Turner and co-author Robert Gardner, defined a landscape as “an area that is spatially
heterogeneous in at least one factor of interest” (Turner & Gardner, 2015).
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The Theoretical Basis of Landscape Ecology
Landscape ecology has evolved into a transdisciplinary science which focuses
explicitly on the relationship between spatial pattern and ecological processes across a
range of spatial and temporal scales (Turner & Gardner, 2015). It was influenced by the
related theories of theory of biogeography and metapopulation theory along with hierarchy
theory and associated concepts of heterogeneity and scale.
Theory of Island Biogeography
Interest in islands as isolated areas of study, where evolutionary processes proceed
at different rates, can be traced back to the works of Charles Darwin and Alfred Russell
Wallace (Darwin, 1859, Wallace, 1880). Islands afforded a unique opportunity for
ecological research because each land unit could be studied as a whole, or act as a replicate,
and processes and patterns seen on an island could theoretically be applied to fragmented
landscapes later. Islands were therefore “logical laboratories of biogeography and
evolution” (Wilson, 2010). Most of the early research in landscape ecology centered on the
theory of island biogeography and its application (Forman, 2015).
The theory of island biogeography had roots in research by terrestrial ecologists.
One was David Lack, an English biogeographer and ornithologist, who demonstrated that
smaller, more remote islands had fewer species of birds compared to the mainland. Lack
predicted that bird distribution in the Orkney islands was due to limited habitat, the
physical barrier of the sea, and small population sizes, which increased the extinction risk
of avian species on the islands (Lack, 1942). In 1958, American ecologists Edward “E. O.”
Wilson and Robert MacArthur developed island biogeography as a general theory to
predict the occurrence of species on islands. The theory was based on concepts from
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population biology including population response to density-dependent and densityindependent factors, the demographics of population growth and decline, and
environmental configurations that allowed for more, or fewer, species to coexist (Wilson,
2010).
MacArthur and Wilson had several intellectual benchmarks leading to theory
development, including species-area relationships, which had been studied since Swiss
botanist and ecologist Josias Braun-Blanquet’s research with plant communities (BraunBlanquet, 1932; Cain, 1938). Species-area curves described a directly proportional
relationship between the number of species in a particular area of habitat and the size of
that habitat. MacArthur and Wilson built upon the species-area relationship, related it to
islands, and developed the theory of island biogeography as an equilibrium model that
described rates of species colonization and extinction as functions of island size and
isolation. The theory was dynamic, where the population size of certain species fluctuated,
but the total number of species remained at equilibrium. When considering a single island,
species richness was determined by the rate of immigration of new colonists and the rate
of extinction of species already present (See Figure 2, left). Immigration was also related to
the size of the source community.
The theory predicted an inversely proportional relationship between the number of
island species and distance to the mainland or source region; islands farther from the
source region would have a lower rate of immigration compared to those closer to the
source of new colonists. Extinction risk was related to island size; smaller islands had a
higher risk of extinction compared to larger islands (MacArthur & Wilson, 1967). When
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considering multiple islands, the rate of species extinction was predicted to be higher for
smaller islands and lower for larger ones (See Figure 2, right) (MacArthur & Wilson, 1967).

Figure 2
The Theory of Island Biogeography’s Equilibrium Model for Single (left) and Multiple Islands (right)

Note. From: MacArthur, R. H., & Wilson, E. O. (1963). An equilibrium theory of insular
zoogeography. Evolution, 373-387. (Permissions: See Appendix A.)

Early field work proved consistent with MacArthur and Wilson’s predictions
(MacArthur & Wilson, 1967; Simberloff & Wilson, 1969), but the theory was challenged as
ecologists found it restrictive over time. The theory of island biogeography did not account
for processes that could affect community composition such as fragmentation, edge effects,
surrounding habitat matrix, or anthropogenic impacts (Laurance, 2008; Turner & Gardner,
2015). The equilibrium model also did not account for interactions between species such as
competition, species adaptation, or evolution by natural selection (Whittaker & FernándezPalacios, 2007).
Although the theory of island biogeography had limitations, it acted as an
intellectual attractor which allowed ecologists to question some of the dominant
assumptions in ecology (Haila, 2002). The theory was particularly relevant for
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conservationists in the 1970s and 1980s; it sparked debate over the single large or several
small (SLOSS) concept which questioned whether one large, or several small, nature
preserves of the same total area would support greater species diversity. Some scientists
argued that while a larger preserve would theoretically have more species, it could be
destroyed by a single natural disaster. Others countered that while several small preserves
would hold less species, some could survive a devastating event and could re-colonize
areas in the future (Diamond, 1975; Simberloff & Abele, 1976). The debate was never
resolved and studies based on different-sized nature preserves ultimately showed that
conservation success varied by case (Tjørve, 2010).
In their text, The Theory of Island Biogeography, MacArthur and Wilson predicted
that the principles they described would apply to habitats that were “broken up by the
encroachment of civilization” (MacArthur & Wilson, 1967). Their theory stimulated
research on fragmentation by ecologists who saw islands and patchy habitats as analogous
(Turner & Gardner, 2015).
Fragmentation
Fragmentation is the process that results in habitat breaking up into smaller parcels
which is sometimes referred to as, but not equivalent to, habitat loss (Turner & Gardner,
2015). Habitat loss occurs when land is converted from one cover type to another; it is a
reduction in an overall area of native habitat. Fragmentation references a particular change
in the spatial patterning of land and entails some portion of habitat loss, even if on a small
scale, as fragments are created through conversion of cover type. On the other hand,
habitat loss can occur without fragmentation such as when an area is shrunken in size
(Collinge, 2009).
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Fragmentation can occur naturally due to disturbance, geologic events, or other
environmental processes (Collinge, 2009). It is also linked to anthropogenic activities
which either break up cover types or introduce barriers that reduce the flow of energy,
materials, or organisms across a landscape (Wu, 2009). Fragmentation can significantly
influence species in remnant patches of habitat, at patch edges, and in the surrounding
matrix (Saunders et al., 1991). It creates a larger number of smaller patches, which may
eventually get too small to support a local population over time. Smaller patches of habitat
have a higher perimeter-to-area ratio compared to larger habitats of the same total area
and can contribute to edge effects (Moorcroft, 2009). Edge effects may have a negative
influence on some populations as an increased number of patch edges can reduce
connectivity among habitat patches. Conversely, some species benefit from edge effects.
Studies on edge effects often have idiosyncratic findings due to different study designs,
methods, and the shifting dynamics of edges in space and time (Collinge, 2009). It has
therefore been difficult to develop a general consensus on the influence of edge effects.
While hundreds of observational and experimental studies considering
fragmentation of terrestrial systems have been conducted, it has also been difficult to
understand the direction and scale of fragmentation’s effects on biodiversity. Most studies
have been conducted at the smaller, patch scale, not the larger, landscape scale, and do not
distinguish between habitat loss and habitat fragmentation (Fahrig, 2003). Research has
shown that habitat size consistently has a positive effect on the persistence of local
populations and larger habitats tend to have greater species diversity and richness than
smaller habitats. Not all findings have shown that fragmentation leads to decreased species
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abundance and diversity in terrestrial systems though (Moorcroft, 2009), positive effects
have also been found (Fahrig, 2003).
In the 1990s, metapopulation theory replaced island biogeography as the main
theoretical framework for research on habitat fragmentation (Baguette & Mennechez,
2004). Metapopulation theory is relevant to landscape ecology as a “measure of the
capacity of a land mosaic to support viable metapopulations” (Farina, 2006) and therefore
is also important to biodiversity conservation (Saunders et al., 1991).
Metapopulation Theory
In 1969, the metapopulation concept was introduced by the American ecologist
Richard Levins who researched the response of agricultural pests to different patterns in
the environment. A metapopulation is a group of smaller, interconnected subpopulations of
the same species that are spatially distinct (Levins, 1969). Levins’ classic metapopulation
theory predicted that a species could persist in a balance between stochastic, or random,
local extinction and recolonization of unoccupied patches (Hanski, 2009). The probability
of local extinction was decreased if a population was comprised of smaller interconnected
subpopulations which could recolonize empty patches. Levins’ model did not depend on
patch size or location and all patches, whether large or small or near or far to source
regions, had the same probability for species colonization or extinction (Turner & Gardner,
2015). Classic metapopulation dynamics described binary changes in individual patches,
which proved too simplistic over time (Baguette & Mennechez, 2004). Although research
found that very few populations functioned according to the classic model, it encouraged
the development of more complex models (Hanski, 1998).
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Metapopulations have been more precisely defined as sets of local, spatiallystructured, populations which are connected by the dispersal of individuals (Hanski, 1999).
Most landscapes are spatially heterogeneous and are comprised from a network of habitat
patches; they are a complex mosaic of different cover types. Some patches are suitable
habitats and provide all the resources needed by a particular species. Unsuitable patches,
or the background landscape matrix, do not provide the resources necessary for survival
and are therefore only used by individuals during dispersal (Hanski, 2009). An inverse
relationship exists with habitat size and quality and local extinction rate; larger patch sizes
and those with greater habitat quality patches have lower rates of extinction.
Recolonization of unoccupied patches can increase if corridors, a short distance between
patches, or biological stepping stones exist (Forman, 1995).
Corridors are defined as relatively narrow bands of a certain cover type which differ
from surrounding habitats (Turner & Gardner, 2015). They are defined based on structure:
line corridors are narrow bands which are dominated by edge species, strip corridors are
bands that are wider and support higher species abundance in their interior, and stream
corridors which border water. Based on their structure, corridors may function as habitat,
barriers, and/or conduits for dispersal (Forman & Godron, 1986). Corridors can essentially
reduce the distance between patches and enhance the colonization rate from source
regions and facilitate a rescue effect (Collinge, 2009). A rescue effect can occur for small
islands or patches that are close together. While small islands usually have increased
extinction risk due to their size, their proximity to other patches sways the balance towards
immigration. The probability of extinction is decreased and populations are rescued before
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they become too small (Brown & Kodric-Brown, 1977). Metapopulations can therefore
persist through a rescue effect.
Metapopulations have been classified in different ways to enable communication
between researchers but a continuum of population types exists in reality; populations are
not discrete structures (Hanski, 2009). Classic metapopulations, based on Levins’ work, are
comprised of a patch network of small, localized populations that persist in a balance
between stochastic local extinction and colonization of unoccupied patches. Over time, they
will only persist at the metapopulation level. Mainland-island metapopulations have large
populations which live in a relatively big habitat and therefore have a relatively low risk of
extinction. Individuals from the mainland disperse to smaller islands or patches; the theory
of island biogeography is an extension of this model (Hanski, 1999). Nonequilibrium
metapopulations have an imbalance between extinction and recolonization due to changes
in the landscape. An increase in the rate of extinction or a decrease in recolonization can be
effects of habitat loss or fragmentation (Hanski, 2009). Source-sink metapopulations
respond to variation in habitat quality (Pulliam, 1988). A source is a population, and its
respective high-quality habitat, with a higher rate of emigration than immigration; the birth
rate exceeds the death rate in sources. A sink, and its respective low-quality habitat, has a
higher rate of immigration than emigration. Because the death rate exceeds the birth rate, a
sink population would go extinct without new colonists from source populations in high
quality patches (Farina, 2006).
Metapopulation models have shown that species persistence is dependent on
landscape connectivity (Hanski, 1998; van Nouhuys, 2009). Connectivity can be structural,
functional, or ecological and can impede or facilitate movement between landscape patches
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(Fischer et al., 2009). Structural connectivity refers to the physical proximity of elements in
a landscape. Functional connectivity is the movement of matter and energy between
landscape elements (Grober-Dunsmore et al., 2009) and ecological connectivity has a
broader meaning and describes the connectedness of biotic and abiotic ecological
processes (Fischer et al., 2009).
Metacommunities. Metacommunity theory is a more recent concept derived from
work with metapopulations (Leibold, 2009). A community is defined as an assemblage of
interacting species located together in space and time; a metacommunity is a set of
communities that are connected by dispersal (Hanski & Gilpin, 1991). Metacommunity
theory is especially relevant to species interaction in fragmented landscapes. It is similar to
metapopulation models which consider the influence of spatial patterning on a single
species. Metacommunity models differ in that they consider multiple species interacting
across a range of habitat patches. By expanding the theory to multiple species,
metacommunity theory accepts that other factors, such as dispersal and disturbance, may
help explain how ecological processes influence species distribution (Hanski & Gilpin,
1991; Collinge, 2009).
Island biogeography, metacommunity, and metapopulation theories were
particularly relevant to the way landscape ecologists thought about fragmentation and
species response to spatial patterning. Hierarchy theory was also influential to those
studying landscape ecology as it provided a theoretical basis to simplify complex systems
and conduct multiple-scale analyses (Wu, 2013c).
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Hierarchy Theory
While hierarchy theory became relevant to landscape ecology in the 1980s, the
concept of biotic hierarchy had been developing for years. In 1942, Egler found that a
hierarchical approach from a single organism to an entire ecosystem was useful in studying
ecological problems (O’Neill et al., 1986). Hierarchy theory was used by ecologists to
understand effects that levels of organization had on ecosystems. A level of organization is
a place within a biological hierarchy (O’Neill et al., 1986). In ecology, the three levels of
organism, population, and community are usually considered. Some ecologists maintain a
fourth level exists, that of ecosystem or landscape (Lidicker, 2008).
American economist Herbert Simon reasoned that scientific knowledge was
organized in the same way nature was organized, in levels with emergent properties
(Simon, 1977). Although he worked in a different field, Simon’s development of hierarchy
theory was adopted by ecologists concerned with the study of complex systems (Allen &
Starr, 2017). Hierarchy theory is based on the concept of holons, a term coined by the
philosopher Alfred Koestler in the 1960s. The word came from the Greek word, holos, for
whole and the suffix, -on, for part (Naveh & Lieberman, 1990). Koestler argued that a
universal hierarchy existed, which consists of intermediate structures on ascending levels
that built upon one another in complexity. Each level had two “faces” looking in opposing
directions and was therefore a part and whole at the same time. The downwards looking
face was the autonomous whole while the upturned face was the dependent part (Koestler,
1970).
Hierarchy theory is centered around the ordering of ecological levels. Holons exhibit
different rates of distinctive behavior which place them at particular levels in the
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hierarchical system (Wu, 2013c). Holons can only interact with other holons that occur at
the same spatial and temporal scale; an individual organism can interact with other
individuals, but cannot interact with a biome because their scales are different by orders of
magnitude. The biome is only perceived as a background by individual organisms (Turner
& Gardner, 2015).
The treatment of scale in landscape ecology was linked to the development of
hierarchy theory by several important researchers. American ecologists Timothy Allen and
Thomas Starr reasoned that while lower levels were constrained from above, they also
limited the possibilities for higher levels - “the whole will not do what the parts cannot”
(Allen & Starr, 2017). Allen and Starr also emphasized subjectivity as hierarchy theory was
centered around an observer focusing on a complex system (Allen & Starr, 2017). The
theory continued to be expanded and applied to biological and ecological systems in the
1980s.
American botanist Hazel Delcourt, her husband and geologist Paul, and geologist
Thompson Webb III presented the hierarchical model shown in Figure 3 based on the
principle that the environment, which is constantly changing in space and time, provides
forcing functions for biological responses of vegetation (Delcourt et al., 1982). Scale is
significant at all levels, from the effect of disturbance events on productivity at the
microscale to evolution of biota at the megascale.
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Figure 3
Delcourt et al.’s Relationship of Space and Time for Ecological Processes

Note. From: Delcourt, H. R., Delcourt, P. A., & Webb III, T. (1982). Dynamic plant ecology: The
spectrum of vegetational change in space and time. Quaternary Science Reviews, 1(3), 153-175.
(Permissions: See Appendix A.)
.

Environmental disturbance regimes, biotic responses, and vegetational patterns,
nested in a hierarchy, are shown across spatial and temporal scales; each of the processes
or patterns is reflective of the sampling interval needed for observation (Delcourt et al.,
1982). Hierarchy theory was deeply influential for landscape ecologists and contributed to
an advanced understanding of controversial topics including equilibrium vs. nonequilibrium and homogeneity vs. heterogeneity (Wu & Loucks, 1995).
Heterogeneity and Scale
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Ecologists traditionally characterized ecological systems as spatially homogenous,
or comprised of similar elements, for the sake of simplicity (Forman & Godron, 1986;
Turner & Gardner, 2015). Scales that allowed for uniformity of processes were chosen
deliberately; studying spatially heterogeneous or non-uniform systems was seen as
unnecessarily complicated until the 1980s (Pickett & Cadenasso, 1995). Historically,
ecological studies were also based on the scale of human perception. Because data was
gathered using direct observation, only a limited view of a system was possible. Ecologists
who studied homogenous landscape elements often made generalizations regarding
ecological processes when focused on only a small part of the whole. They neglected to
consider how a system under study fit into a broader landscape mosaic (Turner & Gardner,
2015).
It took a Kuhnian revolution for the majority of ecologists to embrace spatial
heterogeneity and the treatment of scale (Kuhn, 1962, Turner & Gardner, 2015; Wu &
David, 2002). Interestingly, other scientific fields had understood the importance of scale
for years. Scale had guided research in subdisciplines of the environmental sciences and
was a foundation for geography (Wiens, 1989). It took much debate for ecologists to
collectively realize the implications of scale and understand that results from different
studies could be due to different treatment of scale (Turner & Gardner, 2015). In 1989,
Frank Golley, original editor for the journal, Landscape Ecology, commented how each
session of the Ecological Society of America’s annual meeting had included the concept of
scale and that a true paradigm shift had occurred in the discipline (Golley, 1989). The shift
did not come easy; some landscape ecologists continued to believe through the 1990s that
scale did not affect research findings (Wiens, 1999).
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It also took advanced technology to conduct research at scales of time and space
both larger and smaller than observable with the human eye. The rise of Geographic
Information System (GIS) technology, modelling, remote sensing, and satellite imagery
facilitated the growth of large-scale studies in landscape ecology (Gergel & Turner, 2017).
Small-scale studies, including how organisms such as beetles, crickets, and grasshoppers
interacted with microhabitats, also became possible (Wiens, 1989; With, 1994; With et al.,
1999). Although the idea took time to develop, spatial heterogeneity is now recognized as a
central driver of many ecological processes (Levin, 1992; Pickett & Cadenasso, 1995;
Turner & Gardner, 2015).
Describing Scale. Scale considers both spatial and temporal dimensions of
ecological processes. Temporal scale can extend from very short to extremely long
durations. Spatial scale is characterized by extent, or the overall scope or size of the area
under study, and grain, which is the minimum level of resolution of the data. Scale is
described as either fine or broad; fine scale references high resolution (high detail) and a
small study area, while broad scale references low resolution (low detail) and a large study
area (Turner & Gardner, 2015). Figure 4 (a) illustrates increasing grain size, from fine to
broad, where one cell on the left is aggregated to form four on the right. Increasing extent is
shown in (b) as the total area of study increases.
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Figure 4
Illustrating Increasing Grain (a) and Extent (b) From a Landscape Ecology Perspective

Note. From: Turner, M. G., & Gardner, R. H. (2015). Introduction to landscape ecology and scale.
In Landscape Ecology in Theory and Practice (pp. 1-32). Springer. (Permissions: See Appendix A.)

It is important to note that “fine scale” holds a very different meaning for an
ecologist compared to a geologist. Geologists use a cartographic scale, the ratio between
distance on a map to distance on land (Schneider, 2001). In geography, a fine (or small)
scale refers to a map with low resolution and minimal detail, whereas fine scale in ecology
holds the opposite meaning (Wiens, 1989). If the extent of a study area is enlarged, new
elements of the landscape are encountered. If grain is increased, smaller habitat patches
that were initially accounted for can be averaged out (Wiens, 1989). Although grain can be
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adjusted independently from extent, there is usually some correlation, e.g., a broad extent
usually requires a large grain size (Turner & Gardner, 2015). Scale-dependent patterns are
defined as a change in a measure of spatial pattern with a change in either the resolution or
range of measurement; scale-dependent processes are those where the ratio of one rate to
another varies with either resolution or range of measurement (Allen & Hoekstra, 2015).
Once it was recognized that adjusting scale in time and space had profound effects
on observed patterns, landscape ecologists acknowledged that research at multiple scales
was needed to more thoroughly understand how patterning influenced ecological
processes. A multi-level approach could be appropriate depending on the research
question and species studied (Thornton et al., 2011). It is therefore up to the individual
researcher to determine which scales best describe the relationship between the processes
under study and spatial heterogeneity (Turner & Gardner, 2015).
Landscape Patterns. Patterns in the landscape arise from complex interactions
between both the living and non-living elements in a system. American landscape ecologist
Dean Urban describes a landscape as a mosaic of different patches that comprise a larger
pattern (Urban et al., 1987). Patches are embedded in a relatively homogeneous matrix,
which is the most extensive and connected landscape element, and is therefore a dominant
factor in terms of landscape functioning and influences the flow of energy, materials, and
organisms (Forman & Godron, 1986). A patch is a nonlinear surface that is different than its
surrounding area. Patches are not always obvious; researchers must define them relative to
the phenomena being considered (McGarigal & Marks, 1995).
Patches occur over a range of spatial and temporal scales; each patch has an internal
structure that reflects patchiness at finer scales and is embedded in a mosaic that reflects
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patchiness at broader scales (Kotliar & Wiens, 1990). Landscapes are therefore not
comprised of a single patch mosaic, but a hierarchy of mosaics across a broad range of
scales (McGarigal & Marks, 1995). Individual species interact with landscape elements
differently, therefore each organism experiences their environment differently and
responds uniquely (Levin, 1992). Both the lower and upper thresholds of heterogeneity
vary among species and are dependent on differences in perceptual and physiological
abilities. The boundaries of a patch are only significant in reference to a certain scale. A
seemingly discrete boundary, like the edge of a seagrass meadow, will be perceived like a
continuous gradient as resolution becomes finer (McGarigal & Marks, 1995).
Landscape Models
Different models are used to describe and analyze spatial patterning in landscape
ecology. The patch matrix model, derived from the theory of island biogeography, relies on
a binary classification of either patch or matrix. Parameters measured tend to include patch
size, patch shape, and patch isolation (Pittman, 2018). Many studies based on the patch
matrix model described patches as simple, homogeneous, shapeless elements embedded in
a neutral background matrix; therefore, complex spatial patterning and relationships were
not appreciated (Wiens et al., 1993). Initially, the patch matrix model was used to study
fragmentation and metapopulation dynamics, but over time it was found to be too
simplistic for highly-mobile species that encounter a heterogeneous and dynamic matrix
(Bender & Fahrig, 2005).
In contrast, the patch mosaic model represents structural heterogeneity as a set of
different patch types where composition, which habitats are present and how much space
they cover, and configuration, the spatial arrangement of those habitats, is of central
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importance. The patch mosaic model is therefore more aligned with current thinking in
landscape ecology, which focuses on how the spatial configuration of landscape elements
influences ecological processes (Turner & Gardner, 2015). The main tenet of landscape
ecology holds that the specific composition and configuration of a landscape mosaic will
affect ecological systems in a particular way that would be altered if the composition and
configuration changed (Wiens et al., 1993; Wiens, 1999).
The patch mosaic model was integral for advances in landscape ecology, but also
had limitations. It required researchers to make initial simplifications that could carry
through subsequent data analyses and reduce the ability to understand the effects of
spatial patterning on ecological processes (Lausch et al., 2015). As computer processing
became more powerful and remote sensing provided more access to large raster and vector
data sets, a gradient-based approach surfaced. The spatial gradient model was also created
out of a need to classify spatially heterogeneous environments that lacked discrete cover
types and could not be accurately characterized using the patch mosaic model. The spatial
gradient model allows the transformation of data into a continuum of overlapping layers of
cover types (Frazier & Wang, 2013). The spatial gradient model allows for landscapes to be
represented three dimensionally as additional data can be embedded for each variable
(Lausch et al., 2015). Model choice ultimately depends on the species and habitat under
study and the resources available to the researcher. For this research, a patch mosaic
model was found to be appropriate to classify the seagrass and mangrove habitats under
consideration (See Chapter Two).
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Conclusion
Landscape ecology evolved to focus explicitly on the relationship between spatial
pattern and ecological processes across a range of spatial and temporal scales (Turner &
Gardner, 2015). When ecologists began to apply principles developed in terrestrial systems
to the marine realm in the 1990s, the field of seascape ecology was born. Since seascape
ecology is derived from principles of landscape ecology, it can draw upon a rich history
from its terrestrial counterpart. Although the emergence of what has become seascape
ecology coincided with landscape ecology’s development in North America, work in the
marine realm grew intermittently and remained less known (Jelinski, 2015). When the first
edition of Landscape Ecology was printed in 1987, editor Frank Golley mentioned the term
waterscapes but only once in reference to the global decline of environmental health
(Golley, 1987). While seascape ecology is becoming increasingly relevant, familiarity with
the subdiscipline among marine ecologists still compares to that of terrestrial landscape
ecologists during the 1980s (Pittman, 2018). It is therefore appropriate to introduce the
field of seascape ecology and provide background regarding several of the main advances
made within the discipline in the following chapter (See Chapter Two).
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Chapter Two: An Introduction to Seascape Ecology
From the Land to the Sea
While the concept of landscapes was pondered for hundreds of years, many saw the
seascape as a frightening and unforgiving world filled with creatures ready to devour
mankind (See Figure 5). Although paintings of marine environments exist, they are often
maritime in nature or depict coastal scenes and can arguably be categorized as landscape,
not seascape, paintings. Artwork that depicts natural, underwater scenes (and not scientific
illustrations of marine specimens such as those by Ernst Haeckel) are seemingly rare.
Figure 5
“Watson and the Shark” by John Singleton Copley, 1778, Painting, Oil on Canvas.

Note. Permissions: Courtesy National Gallery of Art, Washington, DC, US (See Appendix A), Retrieved
from https://www.nga.gov/collection/art-object-page.46471.html
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The disproportionate coverage of the marine and terrestrial world, by both the arts
and sciences, is partly due to accessibility; the aquatic environment presents logistical
difficulties that are not encountered on land (Stergiou & Browman, 2005). With regards to
ecology, this is not to argue it is easier for ecologists to study landscapes compared to
seascapes, simply that advanced research in seascape ecology is fundamentally more
dependent on technological advances. Terrestrial ecologists can work in real time and
space, whereas marine ecologists have logistical challenges which can make underwater
research challenging to conduct (Jelinski, 2015; Stergiou & Browman, 2005).
Partly for this reason, seascape ecologists first began studying coastal, subtidal, and
intertidal systems (Boström et al., 2006; Boström et al., 2011). It was logical to concentrate
on nearshore environments as they share structural characteristics with terrestrial
habitats (Jelinski, 2015) and because coral reefs, mangrove forests, and seagrass meadows
are relatively easy to access compared to deep sea habitats and the open ocean. Thus, as
this dissertation considers relationships between mobile marine vertebrates and mangrove
and seagrass systems through the lens of seascape ecology, an introduction to the
discipline is thus appropriate before describing the methodology.

To Begin: What is a Seascape?
Unlike the English word landscape, which has been in use since 1598, the term
seascape has a relatively short history with its first documented usage in 1792 (MerriamWebster, n.d-a, n.d-b). In the sciences, seascapes have been called the marine analog of
landscapes and seascape ecology has been referred to as the ecological geography of the
sea (Karl & Letelier, 2009). In the field of seascape ecology, early studies simply used the
definition for a landscape used by terrestrial ecologists when defining a seascape (Boström
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et al., 2006; McGarigal & Cushman, 2002). Simon Pittman, an Australian seascape ecologist
and author of the first textbook dedicated solely to the field, most recently defined
seascapes as dynamic and spatially heterogeneous areas that can be described across a
broad range of spatial and temporal scales (Pittman, 2018). Just as the definition of
seascape ecology has expanded, so too has the development of technology needed to
explore and analyze the marine realm. Scientific advances have allowed for a greater
exploration of the seascape and several key developments have led to the rise of seascape
ecology as a scientific discipline of increasing relevance (Hidalgo et al., 2016).
Seascape Ecology Develops as Its Own Discipline
In 1963, physical oceanographer Henry Stommel of the Woods Hole Oceanographic
Institution (WHOI), in Woods Hole, MA, US, related the concept of scale to the marine
environment with what is now known as a Stommel diagram. His three-dimensional
graphic illustrated how oceanic processes varied in time and space (Stommel, 1963). While
Stommel initially conceptualized the model for physical oceanography, it was later
expanded for use in ecology. Marine biologists Loren Haury and Peter Wiebe, also from
WHOI, and John McGowan of the Scripps Institution of Oceanography in San Diego, CA, US,
modified Stommel’s diagram to include marine ecological processes. Figure 6 illustrates
how patchiness in the seascape varies from micro patches of plankton, which persist over
hours, to oceanic fronts, which occur over centuries (Haury et al., 1978). In the figure,
spatial scale increases with temporal scale much like the aforementioned hierarchical
model (See Figure 3) by Delcourt et al. (Delcourt et al., 1982). Although Haury et al.’s
marine model was published several years before Delcourt et al.’s, the terrestrial model is

41
more widely known, providing another example of disparity of coverage between
disciplines.
Figure 6
Stommel Diagram Adapted by Haury et al. to Include Spatial Patterning of Plankton

Note. From: Haury, L. R., McGowan, J. A., & Wiebe, P. H. (1978). Patterns and processes in the timespace scales of plankton distributions. In J. H. Steele (Ed.), Spatial pattern in plankton communities
(pp. 277–327). Springer. (Permissions: See Appendix A).

In 1977, the first international symposium on an aspect of seascape ecology was
organized by WHOI’s John Steele, a pioneer who was committed to connecting researchers
with marine and terrestrial backgrounds (Levin, 2015). The conference brought 60
scientists from North America and Europe together to the Sicilian town of Erice, Italy. The
meeting centered around the spatial patterning of plankton and fishes, marine spatial
heterogeneity, and formation of patterns in ecological communities (Haury et al., 1978;
Levin, 1978; Steele, 1978). Although the Erice conference took place six years before the
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Allerton Park workshop, it remained less known (Levin, 2015).
Research efforts focused on what was then referred to as the marine landscape
continued throughout the 1980s as ecologists recognized that the theory of island
biogeography could be applied to underwater landscapes and that principles of landscape
ecology could be applied to the seascape (Pittman, 2018). Initial research included work on
model and natural patch reefs in the Gulf of California, US (Molles, 1978), Steele’s continued
work with plankton patches (Steele, 1989), and zoologist Robert Paine’s and ecologist
Simon Levin’s model to predict spatial patterning of mussel beds due to disturbance events
(Paine & Levin, 1981). In the 1990s, ecologists began applying principles of landscape
ecology in coastal, subtidal, and intertidal habitats across a range of spatial scales (Boström
et al., 2011). Since then, seascape ecology has continued to be primarily focused on coastal
systems and has been concentrated in two areas: on the influence of spatial patterning on
carbon sequestration and on the influence of fragmentation on the distribution and
dispersal of marine organisms between and inside patches (Pittman, 2018).

Applying Principles of Landscape Ecology to Seagrasses and Mangroves
Seagrass meadows are ideal for applying principles of landscape ecology, as spatial
patterns vary over different scales of space and time (Robbins & Bell, 1994); they are also
relatively easy to access repeatedly over time because these coastal systems are limited by
depth. Seagrasses need sunlight to photosynthesize and cannot grow where light does not
penetrate the water column (Hemminga & Duarte, 2000). Maximum depth of seagrass
colonization is related to light attenuation, and while some species can reach depths of up
to 90 meters (m), most are found from 0 to 20 m (Duarte, 1991). Partly for these reasons,
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the majority of research using a seascape ecology approach has occurred in seagrass
systems (Boström et al., 2011).
Mangroves are relatively easy to access from the water although moving through
the mangal on land can be difficult, as they can form dense forests. Like seagrass,
mangroves also vary spatially and temporally; over broad scales, mangroves are limited by
air and sea temperatures and mostly occur in the tropics (Hogarth, 2015). While relatively
few studies in seascape ecology have been conducted in mangrove forests (Boström et al.,
2011), the proximity of mangroves to other ecologically-important habitats such as
seagrasses, coral reefs, and oyster reefs make this approach an important one to explore.
Furthermore, like seagrass meadows, mangroves have experienced high levels of
degradation and loss and are one of the most threatened marine ecosystems today
(Carugati et al., 2018; Sandilyan & Kathiresan., 2012)
To understand the relationships between spatial patterning and the diversity and
distribution of mobile marine vertebrates in seagrass and mangrove systems in Bimini,
Bahamas from a seascape perspective, theories and concepts from landscape ecology were
drawn upon in this dissertation (See Chapter One). The composition of patches was
determined by observation; turtle grass, Thalassia testudinum, was the dominant
angiosperm species and red mangrove, Rhizophora mangle, the dominant, coastal
vegetation cover type in the study area. Seagrass cover was estimated using a quadrat
sampling method. Configuration of seascape elements was evaluated using a GIS to
determine the distance to shore and proximity to mangrove edge. The standard deviation
of seagrass cover (%) quadrats reflected heterogeneity, or patchiness, as did estimations of
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mangrove cover based on observation and a GIS (See Chapter Four). The interrelated
concepts of scale and a hierarchical system were also considered.
Scale
The importance of scale gained wide acceptance in the field of landscape ecology
and remains equally relevant to the study of seascape ecology. As a seascape is a hierarchy
of patch mosaics which occur across a range of spatial and temporal scales (Pittman, 2018),
it is essential to select scales relative to the ecological phenomena being considered. This
may help identify which processes are constrained from above and emerge from below.
The spatial scale of seagrass patches is highly dependent on environmental
conditions including available light, depth, sedimentation rate, temperature, and water
flow (Larkum et al., 2006). As conditions change seasonally, seagrass habitat complexity
also varies and shoot density and patch size fluctuate (Carr et al., 2012). Since Bimini,
Bahamas is located in a tropical region, it is thought that the extent of seagrass meadows
would not significantly change during the field data collection period from December 2018
to August 2019 (Short & Duarte, 2001; Short et al., 2007). Mangroves also vary in time and
space due to factors including tidal phase, season, and stand development (Farnsworth,
1998). Although the structure and configuration of mangroves can change over time, it is
also thought that the mangal would remain relatively constant during the nine-month time
frame of this study.
Hierarchical Order
As with landscape ecology, choosing the level of organization (i.e., organism,
population, community, ecosystem) on which to focus during ecological research of the
seascape is also important. In this dissertation, the organism and community levels were
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the main focus of study. Interacting species within the seagrass-mangrove ecotone are part
of a community which varies over space and time. When studying organisms, scale must be
considered as individual species respond to spatial heterogeneity in different ways (Kotliar
& Wiens, 1990; Pittman & McAlpine, 2003). A beaugregory, Stegastes leucostictus, with a
limited range will respond to a seascape differently compared to a more mobile species
such as a lemon shark, Negaprion brevirostris. Movement of marine species can depend on
an organism’s behavior and connectivity with habitats adjacent to seagrass meadows such
as mangroves and patch coral reefs. Figure 7 illustrates how the extent of a study area
increases hierarchically from a single seagrass blade (top) and one mangrove propagule
(bottom) to a broad mosaic of the coastal region (Boström et al., 2011).
Figure 7
Increasing extent in a seagrass meadow (top) and mangrove (bottom) from fine (left) to broad (right)

Note. Adapted from: Boström, C., Pittman, S. J., Simenstad, C., & Kneib, R. T. (2011). Seascape ecology
of coastal biogenic habitats: Advances, gaps, and challenges. Marine Ecology Progress Series, 427,
191–217. (Permissions: See Appendix A, Open Access, CC-BY License.)
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This research considered a range of spatial scales from the perspective of a single
observer on a fine scale (0 to 5 m) by using baited remote underwater video systems
(BRUVS) at a single deployment site to a broader seascape scale based on remote sensing
data (1 to 8 km) to analyze community composition between all BRUVS sites in North and
South Bimini, Bahamas. Temporally, this research considered the relationship between
species diversity and the wet and dry season. While ecological research at multiple scales is
recommended (Grober-Dunsmore et al., 2009), it is understood that time was a limiting
factor for this dissertation research.
Because this study was conducted on a relatively small scale, both spatially and
temporally, some species may not have been observed due to the time and area sampled
(See Chapter Four). An organism with a wide distribution may not be captured by BRUVS
deployed at a single site; whereas a species with limited movement may be captured more
often if deployment site and distribution overlap. Observations of the three species of shark
observed by BRUVS during this research provide an example. Lemon sharks, Negaprion
brevirostris, which are highly mobile, but typically remain within 250 m of shore (Feldheim
et al., 2002), were observed during 60 out of 102 BRUVS deployments (59%). Nurse sharks,
Ginglymostoma cirratum, are widely distributed throughout the Atlantic (including the
Caribbean) and have a strong association with shallow water, but are comparably
“sedentary” animals (Karl et al., 2012). Therefore, BRUVS observations of this species may
have been limited due to their behavior; they were sighted during six out of 102
deployments (6%). Blacktip sharks, Carcharhinus limbatus, are widely distributed
throughout tropical seas, but are highly migratory and sightings vary seasonally (Castro,
1996; Kajiura & Tellman, 2016). This species was only observed three out of 102
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deployments (3%); each sighting occurred during the wet season, which may suggest a
stronger seasonal presence of the species in Bimini.

Responses to Seascape Configuration
Although fragmentation and edge effects have not been studied extensively from a
seascape perspective, a review of the literature is important to understand the work done
to date in seagrass and mangrove systems. There has been some bias in terms of location;
most research in this area has occurred in the US and Australia. Research from the
Caribbean, where this study was conducted, has been under-represented (Boström et al.,
2011). Somewhat contradictory findings illustrate the need for continued investigation
over various spatial and temporal scales.
Fragmentation
In Virginia’s Chesapeake Bay, US, fragmented eelgrass, Zostera marina, landscapes
were significant refuges for juvenile invertebrates. Although blue crab, Callinectes sapidus,
survival increased with spatial complexity, highly fragmented patches continued to serve
as nursery habitat for invertebrates (Hovel & Lipicus, 2001). Research in eelgrass beds in
Massachusetts, US, found that small seagrass patches are important refuges for juvenile
pollock, Pollachius virens, and that community structure of fishes in seagrass meadows was
related to surrounding habitats including estuaries and rocky subtidal areas (Chandler et
al., 1996).
Further research on crabs in Chesapeake Bay found that juvenile blue crab
abundance was significantly correlated with seagrass shoot density in the fall. Patch
connectivity, but not shoot density or seagrass patch size, was positively correlated to
higher crab survival rates in the summer. Crab survival was negatively correlated to shoot
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density in the fall, which suggests the need for studies to be conducted at multiple temporal
and spatial scales (Hovel & Lipicus, 2002). Crab survival also decreased with increased
density (due to the cannibalistic nature of the species) from seagrass patch edges to
interiors (Hovel & Lipicus, 2002), contrary to more recent findings that show increased
survival rates of blue crabs at seagrass patch edges compared to interiors (Mahoney et al.,
2018).
An experimental study in New South Wales, Australia, determined that the
abundance of estuarine fishes was higher in larger seagrass beds than in smaller ones. In
large patches, species richness was greater in the inner region than at edges. In small
patches, species richness was consistent across the patch (Jelbart et al., 2006). In Santa
Catalina Island, California, US, kelp forest fishes were more negatively affected by habitat
loss than by fragmentation on a small scale. As the extent of the study area increased, linear
functions became non-linear, which indicated that fragmentation could have greater
influence on species at larger spatial scales (Deza & Anderson, 2010). One recent study
from the Western Mediterranean found that decapod species were more diverse and
abundant in smaller seagrass patches with fewer nutrient resources than in larger patches;
findings could be related to the presence of fewer predators in smaller patches. While some
fish species, such as the rainbow wrasse, Coris julis, used larger patches, increased
predation in these areas may have driven other species to smaller patches. Findings
emphasize the importance of protecting habitat at multiple scales as some species may
seek refuge in different sized patches (Boada et al., 2018).
Even fewer studies of the effects of mangrove fragmentation on marine organisms
exist. One study from Andros Island, Bahamas, found higher abundance of grunts, snappers,
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and other piscivores in unfragmented and minimally-fragmented, mangrove-lined
estuaries compared to partially and totally fragmented areas (Layman et al., 2004).
Another study, from Trat Bay, Thailand, which considered the effects of mangrove
degradation on water quality and fish habitat, found that species abundance and richness
decreased with distance from mangroves. While the study did not focus on fragmentation
per se, findings showed that altered riparian environments, due to partial mangrove
removal for shrimp farming, had a negative effect on fish populations (Singkran & Sudara,
2005). Another study from Ca Mau Province, Vietnam, found significantly lower species
diversity of fishes in areas with highly fragmented mangroves, due to intensive shrimp
aquaculture, compared to areas with dense mangrove cover (Tran & Fischer, 2017).
Edge Effects
Like research on fragmentation in the marine realm, studies focused on edge effects
are also fewer than those found in terrestrial ecology and have somewhat inconsistent
findings. One study considered the linkage between seagrass meadows and saltmarshes in
North Carolina, US. Findings showed a greater abundance of pinfish, Lagodon rhomboides,
along marsh edges in areas adjacent to seagrass meadows compared to areas without
seagrass beds (Irlandi & Crawford, 1997). In Port Phillip Bay, Australia, one study found
higher densities of copepods along the edges of artificial seagrass patches than in the
interior; findings implied there was some benefit of patchy seascapes (Warry et al., 2009).
Another study in Port Phillip Bay, Australia, found that species richness increased with
seagrass cover and that more pipefish, Stigmatopora nigra, were found at the edges of large
patches compared to small. Findings supported the researcher’s hypothesis that small
patches had insufficient core habitat to maintain density between patch edges and the
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interior (Smith et al., 2010). Continued work in Port Phillip Bay, Australia found that
fragmentation had no effect on fish density. Researchers proposed that increased
abundance of species at artificial seagrass edges acted to compensate for area loss. The
authors cautioned against generalizing the findings of their study, concluding that while
patch edge specialists may endure fragmentation, species that depend on patch interiors or
other habitat generalists may not (Macreadie et al., 2009). Further research found that the
distribution of an invertebrate-feeding species was aligned with increased availability of
prey along patch edges; more predatory pipefish, Stigmatopora argus, occurred where
more plankton were located (Macreadie et al., 2010).
Applying landscape principles to the seascape is one way to understand the
relationships between seagrass and mangrove cover and the diversity and distribution of
mobile marine vertebrates in these systems. In order to describe the seascape, an
appropriate model (patch matrix, patch mosaic, or continuous) must be selected.

Applying Landscape Models to the Seascape
As with landscape ecology, models are used in seascape ecology to define the region
under study. The patch matrix model has been applied to marine systems, and seagrass
meadows in particular, more than any other model. Reducing a seascape to binary patches
of seagrass surrounded by a matrix of sand can be fairly straightforward (Boström et al.,
2011) so the patch matrix model was an appropriate choice for initial applications of
landscape ecology principles to the seascape. American ecologists Bradley Robbins and
Susan Bell considered seagrass meadows to be well-suited for this type of research because
the habitats are relatively simple with regards to the structural complexity and diversity of

51
plant species present in an area (Robbins & Bell, 1994). Seagrass meadows tend to be
dominated by one or two angiosperm species (Hemminga & Duarte, 2000).
As with landscape ecology, the patch matrix model can be too simplistic for complex
seascape research. This is especially true for highly mobile organisms that encounter many
habitat types (Bender & Fahrig, 2005). The patch mosaic model has been applied in studies
when the seascape cannot be reduced into binary categories. Figure 8 provides an example
of the two different models where the seascape is described as seagrass patches and sand
(A) and a more complex seascape mosaic of seagrass and adjacent habitats or structures
such as mangroves, pavement, reef, and sand (B).
Figure 8
Seascape Elements Represented by Patch Matrix (A) and Patch Mosaic (B) Models

Note. From: Wedding, L. M., Lepczyk, C. A., Pittman, S. J., Friedlander, A. M., & Jorgensen, S. (2011).
Quantifying seascape structure: Extending terrestrial spatial pattern metrics to the marine realm.
Marine Ecology Progress Series, 427, 219–232. (Permissions: See Appendix A, Open Access, CC-BY
License.)
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The patch mosaic model was used in several key studies of seagrass meadows and
adjacent habitats. In Australia, a hierarchical approach was used to investigate the
influence of seascape structure on the movement of marine invertebrates in seagrass
meadows and nearby mangroves. Pittman found the number of species in seagrass
meadows was strongly linked to the size of the meadow and that more species occurred in
mangroves adjacent to continuous, not fragmented, seagrass meadows (Pittman et al.,
2004). A Caribbean study found that the spatial pattern of seagrass meadows surrounding
coral reefs were a strong predictor of fish community structure. Significantly more
piscivorous, higher trophic level, reef fishes were found in reefs adjacent to the largest,
most dense seagrass meadows (Grober-Dunsmore et al., 2007). The researchers used the
patch mosaic model to conduct additional studies along a seagrass and coral reef ecotone,
which was “ideally suited for a landscape ecology approach” (Grober-Dunsmore et al.,
2008). They found a positive relationship between the abundance of invertebrate-feeding,
lower trophic level, fishes in reefs adjacent to areas with greater seagrass area coverage
(Grober-Dunsmore et al., 2008). The patch mosaic model was recently used in the largest
lagoon in the Mediterranean (Venice, Italy) to study the influence of the seascape on
seagrass communities at multiple scales. Researchers found that seagrass structure and
habitat quality positively influenced total biomass of piscivores, benthivores, and seagrass
specialists such as pipefishes and seahorses (Scapin et al., 2018).
The spatial gradient model, or continuum model, is becoming more widely used in
seascape ecology as technology advances (Costa et al., 2018). Data on seascape metrics
have gained resolution through continuous sampling and new techniques such as
interpolation. Methods to track animal movements, including sophisticated monitoring
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devices, are also providing more complex data sets. The spatial gradient model represents
seascape structure as continually changing and without discrete patches and edges. It
recognizes that ecological processes may affect habitat suitability for species differently, in
a complex and spatially continuous manner (Pittman, 2018). To study highly mobile
marine organisms that encounter the seascape on a range of scales, the spatial gradient
model may be more appropriate than others. It has been used to research movement of
marine organisms including cetaceans, seabirds, and sea turtles (Ballance et al., 2006; Witt
et al., 2007), but has not been used in a published study of organismal movement in
seagrass meadows or mangroves to date.
Model Selection
Ultimately, the choice of model will depend on the research questions under
consideration and the resources available; there is no “best” model choice (Fischer et al.,
2007; Lindenmayer et al., 2007). The patch matrix model was determined too simplistic for
this work; the spatial gradient model, which relies on continuous 3D imagery and big data
management, was found to be overly complicated for the spatially small-scale study area. It
can be difficult to extract fine-scale patterns in images which cover a broad area; mapping
realistic patterns underwater continues to be challenging (Costa et al., 2018). For this
dissertation, the patch mosaic model was selected as an appropriate framework (Boyce et
al., 2017) to describe the seagrass and mangrove systems under consideration and the
relationships between spatial patterning and mobile marine vertebrates.
Classifying a landscape, or seascape, into patches can cause data loss at fine spatial
scales and cause issues with interpretation at broad spatial scales (Boyce et al., 2017). Even
though spatial heterogeneity might be simplified, vegetation patches do exist in real time
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and space (Grê t-Regamey et al., 2014). It often useful to use patches to characterize
patterns of heterogeneity as “patches can be important for characterizing how organisms
are distributed on landscapes” (Boyce et al., 2017). Therefore, due to the research
questions posed, the nature of the systems under study, and the resources available, the
patch mosaic model was the most suitable for this research (See Chapter Four).

Conclusion
The relatively new field of seascape ecology offers a wide range of areas in which to
focus. Although the discipline has been developing for decades, many of the principles of
landscape ecology have yet to be applied to the seascape (Wedding et al., 2011; Pittman,
2018). Over the past two decades, there has been an increase in research effort to apply
concepts of landscape ecology to marine systems (Grober-Dunsmore et al., 2008; Pagès et
al., 2014), but more research is needed to determine if principles and concepts of landscape
ecology are appropriate for the seascape.
There are almost endless possibilities for research in the field of seascape ecology.
One of the most difficult challenges of landscape and seascape ecology is determining the
mechanisms by which ecological processes are influenced by spatial patterning (Pittman et
al., 2011). Much can be learned from seagrass systems that could potentially apply to the
conservation of seagrass meadows and mangrove forests. As coastal environments such as
coral reefs, mangroves, and seagrass meadows are increasingly threatened by global
environmental change, a greater understanding of the relationships between spatial
patterning and marine organisms is needed. Advances in technology and increased
knowledge in the discipline of seascape ecology can facilitate research that aligns with
management efforts.
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Research for this dissertation was built upon current knowledge from seagrass and
mangrove systems and applied both traditional and evolving methods to consider the
relationships between spatial patterning and communities of marine vertebrates. A
relatively new method was used to non-invasively observe marine species and gather data;
the development of a baited remote underwater video system (BRUVS) for shallow-water
systems is detailed in Chapter Three.
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Chapter Three: Applying BRUVS Methodology
to a Shallow Water, Seagrass-Mangrove Ecotone
Abstract
Assessment of species in threatened ecosystems, such as seagrass meadows and
mangroves, warrants the use of non-invasive methods to collect data on marine life and
habitats. This work focused on the design of an inexpensive, baited remote underwater
video system (BRUVS) that was specifically made for deployment in shallow water. The
development of a lightweight, collapsible BRUVS allowed for relatively easy international
transport; the design also facilitated retrieval and deployment from a small skiff. Four
BRUVS were used to gather data at 111 shallow water deployment sites in the seagrassmangrove ecotone in Bimini, Bahamas and could be useful in similar, shallow water
systems.

Introduction
While the use of baited remote underwater video (BRUVS) to quantify marine
species has increased exponentially over the past two decades, most studies have focused
on deep-water habitats (Grimmel et al., 2020) with the majority conducted in rocky and
coral reef systems (Whitmarsh et al., 2017). Far fewer studies have focused specifically on
marine communities in shallow, coastal habitats (Gilby et al., 2016; Grimmel et al., 2020;
Jones et al., 2018; Kiggins et al., 2018; Schramm et al., 2020; Whitmarsh et al., 2014); only
14% of studies have been conducted at very shallow depths of less than ten meters (m)
(Whitmarsh et al., 2017) and far less at depths less than five m (Grimmel et al., 2020). Only
2% of BRUVS studies have been conducted in seagrass (Whitmarsh et al., 2017); BRUVS
usage in mangroves is especially rare.
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As this dissertation focused on the seagrass-mangrove ecotone located in close
proximity to the coast (within 250 meters), most deployment sites (99%) were at a depth
below two meters. The design of systems for use in shallow water, which could be
transported relatively easily from the US to the Bahamas, was therefore needed. Before
outlining the design specifics for BRUVS used in this dissertation, an overview of methods
used to observe marine organisms underwater is presented.

Visual Data Collection Methods for the Marine Environment
A variety of scientific methods have been used to observe and quantify communities
of marine organisms over time. Population assessments have historically been based on
landings data from commercial fisheries (Rosenberg et al., 2005), which are heavily biased
due to the catchability and size of particular species (Huse et al., 2000; Jørgensen, 2009).
Other physical sampling methods, such as the use of gill nets and longlines, have been used
but these can be destructive to both species and habitat (Dayton et al., 1995). Extractive
methods can provide researchers with precise data (e.g., total length) and allow for
relatively easy identification of species (Hardinge et al., 2013), but fishing is frequently
restricted by legislation (Jenkins & Garrison, 2013), and sampling repeatedly at one site
could lead to serial depletion of stocks (Murphy & Jenkins, 2010).
Partially due to the aforementioned reasons, there has been an increase in nonextractive methods to quantify marine populations (Murphy & Jenkins, 2010). Noninvasive data collection methods commonly include direct observation by scientific divers
conducting underwater visual censuses (UVC) along transects (Colton & Swearer, 2010) or
using a point-count method (Edgar et al., 2004). While UVC is commonly used for marine
ecological research, it has drawbacks including observer bias and limitations on bottom
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time and depth for scuba divers (Bernard et al., 2013; Cappo et al., 2011; Watson et al.,
2005). The presence of divers can also alter the behavior of marine species and cause
either attraction or avoidance (Watson et al., 1995; Watson et al., 2010). Furthermore,
scientific diving is highly dependent on the “buddy system” and access to annually-serviced
dive gear; these factors increase the cost of research and can necessitate additional days to
gather data (e.g., due to surface intervals between dives, restrictions on multiple dives,
travelling to fill scuba cylinders, etc.) when time in the field is limited.
Underwater Image Capture
Non-invasive underwater observational methods also include image and video
capture. The first underwater portrait that was published was taken in 1899 by French
biologist and photographer Louis Marie-Auguste Boutan who invented the technology to
capture a black and white image of a diver in seagrass (See Figure 9). He also focused his
lens on submerged marine life including fishes and corals (See Figure 10). Considering the
adaptations needed to take a photograph underwater, Boutan’s achievement was
remarkable for its day. His design included a submersible housing for large, glass negatives
and a method to illuminate subjects underwater using a strobe triggered by a chemical
reaction between magnesium and oxygen at the surface (Boutan, 1900; Martínez, 2014).
Since then, underwater photography has grown exponentially. In the 1960s,
submerged video systems were used for commercial applications such as repairing
equipment, archaeological exploration, and seafloor surveys (Shortis et al., 2008). As
technology continued to advance, image capture and quality improved immensely; highdefinition cameras are now commonplace and widely used by the general public. The cost
and size of underwater cameras has also decreased, making them an affordable and easy
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tool for researchers working on a budget. The latest GoPro camera, HERO9 Black, captures
5K video and 20 MP photos and costs approximately $400 USD (GoPro, 2021).
Figure 9
The First Underwater Portrait of a Diver in Seagrass, by Louis Marie-Auguste Boutan

Note. From: Boutan, L. M. (1900). La photographie sous-marine et les progrès de la photographie.
Schleicher Frères. Permissions: Public domain. Retrieved from:
https://archive.org/details/laphotographieso00bout/page/207/mode/1up
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Figure 10
An Underwater Photograph of Fishes by Louis Marie-Auguste Boutan

Note. From: Boutan, L. M. (1900). La photographie sous-marine et les progrès de la photographie.
Schleicher Frères. Permissions: Public domain. Retrieved from:
https://archive.org/details/laphotographieso00bout/page/207/mode/1up

In the 1990s, scientists began designing video systems to attract and capture
footage of marine species; these units became known as baited remote underwater video
system (BRUVS). These systems gained more usage after the Australian Society for Fish
Biology’s annual conference in Hobart, Tasmania which focused on “cutting-edge”
technologies, including BRUVS, in 2006 (Cappo et al., 2006). Since then, the method has
become more-widely used due to its increased exposure within the field of marine biology
and seascape ecology (Whitmarsh et al., 2017).
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Baited Remote Underwater Video Systems (BRUVS)
Remote Underwater Visual Systems (RUVS) were first designed as single camera,
non-baited, horizontally-orientated units with attached scale bars to obtain coarse
measurements of fish or invertebrate length (Cappo et al., 2006). The term remote
references the free-standing nature of the systems when they are deployed underwater;
they do not rely on the presence of a diver or observer (Cappo et al., 2003). Designs
evolved over the past two decades with variations in size and materials. Some units were
vertically oriented which introduced bias in terms of size as large species did not fit
underneath the camera and were excluded from observation (Cundy et al., 2017).
Horizontal units provide a greater depth of field for observation while eliminating a size
bias (Willis & Babcock, 2000).
As the method continued to develop, two-camera, baited remote underwater video
systems became more widely used (Harvey et al., 2002). BRUVS allow researchers to
sample a broad range of marine species while providing greater statistical power
compared to non-baited units (Dorman et al., 2012). They also attract more predators and
scavengers without decreasing the observed abundance of herbivores and omnivores
(Harvey et al., 2007; De Vos et al., 2014). BRUVS have recorded more large, rare predatory
species than other methods including diver-operated video and non-baited systems
(Watson et al., 2005).
The use of two cameras captures stereo footage and allows for accurate
measurements of the length of marine species (e.g., total length/TL or forked length/FL)
and biomass calculation using sophisticated software (Johansson et al., 2008; Unsworth et
al., 2014). Both single and double camera BRUVS have proven to be robust tools in studies
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considering spatial and temporal patterns of fish communities (Ellis & DeMartini, 1995.,
Harvey et al., 2007; Langlois et al., 2006; Willis & Babcock, 2000). Ultimately, the use of
single or double camera system depends on the research questions posed. As this study
focused on the diversity and distribution of marine species, a one-camera system was
chosen.
BRUVS Cost
The single camera design also reduced the cost of additional GoPro cameras, backup batteries, extra hard drives, and expensive software for camera calibration and data
analysis required when using stereo-video systems. The EventMeasure program by SeaGIS
is often used to quantify fish populations using stereo-BRUVS when measurements are
needed for research (Whitmarsh et al., 2017); the software is approximately $1000 USD
(student license) and $3000 USD (academic/research license) and stereo camera
calibration is an additional $1000 USD (student license) and $3000 USD
(academic/research license) (SeaGIS, 2021). The cost for a stereo-camera BRUVS is
approximately $1300 per system (Letessier et al., 2015); the single-camera BRUVS design
for this research costs approximately $300 per system (including GoPro, PVC, mounting
hardware for camera and weights, line, and floats.)

BRUVS Design
Four individual BRUVS were custom-designed for this research and tested in the
large, central Caribbean reef exhibit at the New England Aquarium in Boston,
Massachusetts, US, in 2018 (See Figure 11). A modified tripod shape was used; this design
had been tested in Bimini, Bahamas, during a 2017 pilot study aboard the Shedd
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Aquarium’s liveaboard research vessel, the Coral Reef II, and proved to be stable in high
current and surge.
Figure 11
Image of Reef Fishes Around Mesh Bait Bag During BRUVS Design and Testing Phase

Note. Video still taken from BRUVS footage during testing phase in the Giant Ocean Tank exhibit at
the New England Aquarium. Author’s own work.
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Lightweight, Collapsible BRUVS Design
As four BRUVS needed to be transported to and from the islands of Bimini, Bahamas,
it was necessary to design a system that was small in size, lightweight, and collapsible. Each
BRUVS measured 50 cm wide x 50 cm high x 120 cm long. The 120 cm bait arm could be
broken down into two pieces of equal length which allowed all four systems to fit into one
shipping box that met baggage requirements of commercial airlines, including the small
planes that service the South Bimini, Bahamas, airport (See Figure 12). The four systems
could be easily assembled, disassembled, and stowed; the storage box occupied a small
amount of space at the Bimini Biological Field Station in between field excursions.
Figure 12
Shipping Box That Held Four Lightweight, Collapsible BRUVS for Travel to South Bimini, Bahamas

Note. Photograph taken in Miami, Florida. Author’s own work.

To keep size to a minimum without compromising the data gathering process, the
leg height for each system was made as short as possible for use in the habitats under
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consideration. Each system was designed to sit above the locally dominant species of turtle
grass, Thalassia testudinum, and avoid obstruction of the bait bag by seagrass shoots so all
species, including smaller-sized fishes, could be captured by the video camera.
Measurements of Thalassia blade length were made during the pilot study and relevant
literature consulted (Green & Short, 2003; Trave & Sheaves, 2014); a leg height of 20 cm
was determined to be appropriate for this work.
Weighting BRUVS
Many BRUVS are based on a heavy, steel frame which helps the systems stay in place
during deployment. While this design works for systems that can be housed in one location
(e.g., at a university’s field station), it is not suitable for the needs of a researcher who
wants, or needs, to bring BRUVS to different study sites for research. For this study, BRUVS
were made from ¾” diameter rigid polyvinyl chloride (PVC) pipe which is widelyproduced, lightweight, and relatively inexpensive. Schedule 80, 3/4” diameter PVC was
chosen for its durability, tensile strength, and resistance to crushing forces, e.g., if the
system was bitten by a shark (Whittle et al., 2001).
Like other systems, BRUVS for this study needed to be weighted before hour-long
deployments (Langlois et al., 2018). Weights were attached after arrival in Bimini,
Bahamas; both the Bimini Biological Field Station and a local dive operator offered dive
weights for no-cost, short-term use. Each BRUVS was weighed down with three five-pound
(lb) lead weights (15 lbs total). One weight was attached to the camera side of the system
and two weights were attached near the end of the bait arm to evenly distribute weight and
prevent the system from moving after deployment. Weights were clipped onto stainless
steel hardware which was threaded through a hole drilled through the PVC (See Figure 13).
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Figure 13
One of Four BRUVS Designed for Dissertation Research

Note. Lightweight, collapsible BRUVS designed for deployment in shallow-water seagrass and
mangrove habitats. Camara arm is shown on right side facing the bait bag, shown on the left side.
Float system was secured with a line knotted at the end and threaded through the system; this added
additional security to maintain the system’s integrity when the float line was pulled. The two-legged
base (made of PVC pipe, two 90° elbows and one tee fitting) near the bait bag was glued together
permanently with PVC primer and glue. The two pieces of the long, middle arm were connected using
a PVC union which screwed together and the horizontal PVC pipe pieces were perforated with drilled
holes to allow for air to escape during deployment. The vertical camera arm (made of PVC pipe and
one tee fitting) was also held together with PVC primer and glue. Author’s own work.
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Float System
BRUVS were tethered with 25 m long, ¼” diameter dock line secured at the end near
the bait bag with a stopper knot. The line was threaded through the BRUVS which helped
maintain the system’s integrity when being pulled from the water after deployment. The
line ran out through the top of the vertical camera arm to keep it from obscuring the
camera lens; at the end of the line was a custom-designed float system made from PVC pipe,
two white floats with ¾” diameter holes, and a 16-ounce teardrop-shaped lead sinker
which oriented the system vertically at the water surface and allowed for the floats to be
visible from approximate 500 m away (See Figure 14).
Figure 14
Float System Designed to Facilitate BRUVS Retrieval

Note. Float systems for BRUVS incorporated a 30 cm length of PVC pipe with two floats secured with
stainless steel hardware (top) and a PVC cross fitting (bottom). A lead sinker was inserted through the
bottom of the PVC cross and secured with line. The float oriented vertically at the water’s surface and
could be seen from approximately 500 m away which facilitated a relatively easy retrieval of BRUVS.
Author’s own work.
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Underwater Cameras
Each BRUVS incorporated one GoPro Hero camera (versions 5, 6, and 7) in an
underwater housing mounted horizontally 50 cm above the seafloor on a vertical camera
arm. The design included one camera, rather than two, since a precise measurement of the
total length (TL) of individual fish was not needed for this research; 60% of BRUVS
research related to species diversity have relied on a single camera method (Whitmarsh et
al., 2017). Each GoPro was attached to the vertical camera arm using bicycle mount
hardware which slid over the PVC pipe before being tightened in place. During falling tides,
the camera mount could be lowered to ensure the lens would remain submerged for over
one hour. Cameras were set to record in high definition (video resolution: 1080p; screen
resolution: 1080 x 1080; 60 fps/frames per second) using wide-screen format (Harvey et
al., 2010). High screen resolution improves video quality and allows for more accurate
identification of species; higher frame rates act to reduce blurriness as species move in
front of the camera (Langlois et al., 2020). All GoPro cameras, regardless of version, could
capture high quality images which were sufficient for species identification; the use of 4K
or 5K video was not necessary as it would increase file size, transfer time, and disk space
without supplying additional information.
Baiting BRUVS
BRUVS have been referred to as “harmless” (Cappo et al., 2011), “non-extractive”
(Dorman et al., 2012), and “nondestructive” (Whitmarsh et al., 2017) which references the
relatively small perturbance of habitat, and capture of species by video only, during
deployment but does not reflect the use of fish for baiting purposes. Bait fish must be
extracted from the marine environment or grown via aquaculture; both methods have
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some level of impact on marine species and habitats which should be recognized if
conservation is to be considered on a broad scale (Pauly, 2019). For this study, sustainablycaught sardines with Marine Stewardship Council labelling were sourced in Boston, MA, US,
and chopped finely (to increase surface area), weighed, and individually packaged in small
plastic bags before re-freezing. Bait was transported to Bimini, Bahamas, in a small cooler
which met with airline regulations. Preparing bait before travelling helped to increase
efficiency of BRUVS deployments during field work.
Each system was baited with sardines (or pilchards), a species suggested as a
standard bait type for BRUVS research (Dorman et al., 2012), in an attached 20 x 20 cm
plastic mesh bait bag which was positioned 1.2 m from the camera (See Figure 13).
Sardines are recommended as they are soft and oily and have been found to increase the
abundance of fish caught in commercial fish traps (Dorman et al., 2012; Whitelaw et al.,
1991). Frozen sardines were used as the freezing process results in very little or no risk of
introducing disease to wild populations (Jones, 2000), an ethical consideration when using
BRUVS (Dorman et al., 2012).
Two-hundred-fifty grams (g) of crushed, defrosted sardines were used for each
BRUVS deployment; this amount was less than the quantity of 500 g and 1000 g used for
many BRUVS surveys (Whitmarsh et al., 2017), as research has shown that a smaller
amount of bait will attract the same number of individuals (Hardinge et al., 2013). Using a
smaller amount of bait (250 g per deployment) was also important to the researcher as a
way to consume less of a natural resource.
While sardines are suggested as a way to standardize BRUVS methods (Dorman et
al., 2012), it can be argued that marine species are not evenly distributed throughout the
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world and therefore species in different regions may consume different prey items; the
need for standardization of bait across studies is therefore debatable. Within a study or
study area, using a single, standard bait type is recommended as species are attracted to
bait for a variety of reasons including motivation, schooling behavior, search patterns, and
sensory abilities (Alós et al., 2015; Bailey & Priede, 2002; Dorman et al., 2012; Stoner et al.,
2006). A more sustainable way to bait BRUVS in the future could include sourcing locallycaught species and a reliance on the smallest amount of bait needed to attract target
species. Furthermore, with regards to environmental issues related to plastic waste, future
studies using BRUVS will also consider alternatives to the disposable plastic bags used for
bait preparation in this study.
Bait Plumes
As this study was focused on characterizing the local community distributed within
the seagrass-mangrove ecotone, a large amount of bait was not needed to create a long,
wide bait plume to attract individuals from a great distance. Different types and amounts of
bait affect the dispersal of bait in plumes and are therefore related to sampling area
(Dorman et al., 2012). In the highly dynamic marine environment, currents, fronts, tidal
mixing, and wind (Mann & Lazier, 2013) can affect the dispersal of bait (Taylor et al., 2013).
To account for environmental variability, BRUVS researchers have recommended
measuring the current during BRUVS deployment using drogues (Taylor et al., 2013;
Heagney et al., 2007) or current meters (Harvey et al., 2013) to predict plume size (Collins
et al., 2002). Despite this recommendation, BRUVS research rarely include methods to
measure current (Taylor et al., 2013; Whitmarsh et al., 2017); this could be due to the

80
complexity of modelling bait plumes (Heagney et al., 2007; Westerberg & Westerberg,
2011).
For this research, surface current was estimated using a drogue method adapted
from the literature (Heagney et al., 2007; E. Heagney, personal communication, November
20, 2018). A small handmade drogue (mesh sock) was deployed from the anchored skiff;
surface current was estimated based on the time it took for the drogue to travel the extent
of a 10 m floating line (< 1 min = fast; 1 - 2 min = medium; > 2 min = slow). As BRUVS were
deployed at shallow depths, it was assumed the mixed layer extended through the water
column (Mann & Lazier, 2013) and that measuring surface current was sufficient for the
purposes of this research.
BRUVS Deployments
The lightweight design and compact nature of BRUVS for this study facilitated
deployment and retrieval from a small 17’ skiff. Three people were able to fit in one boat
with four BRUVS and other scientific gear (including bait cooler, 1 m2 quadrat, snorkeling
gear, dry box). Boats were operated by two staff and/or volunteers from the Bimini
Biological Field Station. As all four BRUVS were brought into the field concurrently, one
system was deployed after gathering environmental data; then the research team travelled
along the coast to deploy the remaining systems one at a time (> 250 m apart). Each system
was deployed for 60 minutes, the recommended soak time (Dorman et al., 2012; CurreyRandall, 2020).
In previous studies, BRUVS have been deployed from 25 m to 550 m apart (Colefax
at al., 2016; Whitmarsh et al., 2017). Adequate distance between deployments is needed to
ensure that mobile marine species are not swimming between systems and being counted

81
multiple times. Distance is based on theoretical swimming speeds and potential for
individuals to travel to different BRUVS during soak time (Ellis & DeMartini, 1995; Malcolm
et al., 2007; Sherman et al., 2018). No studies have been focused on the impact of BRUVS
spacing on species observed (Whitmarsh et al., 2017). As this study used a small amount of
bait, and theoretically created a small bait plume, it was believed that deployments spaced
250 m apart were sufficient.
Each deployment took approximately 15 minutes for data gathering (e.g., current,
depth, mangrove cover, seagrass quadrats, temperature); there was therefore little “down
time” between deploying the fourth system and retrieving the first. Twelve to 16 BRUVS
could be deployed in one day depending on weather conditions and distance from the field
station and deployment sites. Since the lab is located on the western side of South Bimini,
travel to and from North Bimini, which was up to 8 km away, was often restricted by tides
and efficient use of time was essential.

Conclusion
The use of BRUVS has grown rapidly because the method is non-destructive to
habitats and non-lethal to marine species (Cappo et al., 2003; Letessier et al., 2015) under
study; this is especially important when studying organisms, ecosystems, and/or marine
protected areas where destructive sampling is unwarranted or illegal (De Vos et al., 2014;
Langlois et al., 2018). BRUVS were an appropriate method for this dissertation as they have
minimal impact on seagrass and mangrove systems and associated fauna; a portion of the
study area fell within the proposed North Bimini Marine Reserve (NBMR), a potential
protected area (Bahamas National Trust & The Nature Conservancy, 2014). As several
species with known distributions in North and South Bimini are listed as threated or
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endangered on the International Union for Conservation of Nature (IUCN) Red List (See
Chapter Four), using a data-gathering method with minimal impact on marine life was an
important consideration. The lightweight, collapsible, and economical BRUVS design for
this dissertation allowed for relatively non-invasive data gathering and minimal impact on
environmentally sensitive habitats, including seagrass meadows and mangroves.
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Chapter Four: Investigating Species Diversity and Distribution
of Mobile Marine Vertebrates in Seagrass and Mangrove
Habitats in Bimini, Bahamas
Abstract
Seagrass meadows and mangrove forests are ecologically and economically
important systems that are increasingly threatened by anthropogenic activity. This study
deployed 111 baited remote underwater video systems (BRUVS) to observe 12,315
individuals from 75 species (27 families) in the seagrass-mangrove ecotone in Bimini,
Bahamas, where the only stand of mangroves remain in the northwestern Bahamas.
Principles of seascape ecology and generalized linear models were applied to assess
species abundance, diversity, and richness of mobile marine vertebrates (teleosts,
elasmobranchs, and reptiles) in shallow water (< 2 m) seagrass systems in close proximity
(within 250 m of shore) to red mangroves, Rhizophora mangle. Findings highlight the
importance of the seagrass-mangrove ecotone for marine vertebrates with greater species
diversity and richness associated with greater % cover of seagrass, Thalassia testudinum,
and greater species abundance and richness associated with the mangrove edge (within 50
m of shore).

Introduction
Seagrass meadows and mangroves are some of the most highly productive habitats
on Earth; they provide valuable ecosystem services including biodiversity maintenance,
coastal protection from storm surge and sea level rise, and essential habitat and for marine
organisms (Hemminga & Duarte, 2000; Hogarth, 2015; Nordlund et al., 2018). Many
species, including those with ecological and economical value, depend on the spatial
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structure provided by seagrass beds and mangroves to protect them from predators
(Hogarth, 2015). Seagrass meadows and mangroves function as nursery grounds for many
species of fishes and invertebrates, which find refuge among submerged blades and prop
roots as juveniles (Hemminga & Duarte, 2000; McDevitt-Irwin et al., 2016); recruitment of
adult populations to surrounding habitats is also supported (Mumby et al., 2004). “Blue
carbon” habitats such as mangroves and seagrass meadows also help mitigate climate
change through the process of carbon sequestration (Mcleod at al., 2011; Fourqurean et al.,
2012; Duarte et al., 2013; Greiner et al., 2013; Howard et al., 2017).
Despite their ecological importance, coastal habitats have been negatively impacted
by humans on a global scale. One-third of mangrove extent has been lost to aqua- and
agriculture in the past 50 years; the annual deforestation rate has been estimated at 0.7%
(Spalding et al., 2010; Alongi, 2015). Seagrass meadows have declined rapidly and now
rank among the world’s most threatened marine habitats (Orth et al., 2006; Unsworth et al.,
2014, Unsworth, McKenzie, et al., 2019). Approximately one-third of known seagrass extent
has disappeared in the last century and annual rates of decline have increased from 0.9%
to 7.0% in the last 50 years (Waycott et al., 2009). The loss of these habitats has many
implications from decreased rates of global carbon sequestration to altered ecosystem
functioning. As issues related to global climate change continue to impact our environment,
the importance of understanding, preserving, and restoring key habitats such as seagrass
meadows and mangrove forests increases.
Bimini, Bahamas, is home to the only mangrove system in northwestern Bahamas
and is therefore an important nursery area for marine species on a broad scale (BNT &
TNC, 2014). The warm, clear waters surrounding the islands of North and South Bimini
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also make the area an ideal “living laboratory” for ecological studies. The eastern half of
North Bimini Sound and portions of the northern and southern coasts of South Bimini are
largely fringed by red mangroves, Rhizophora mangle, and some black mangroves,
Avicennia germinans. White mangroves, Laguncularia racemosa, and buttonwoods,
Conocarpus erectus, are also distributed further inland (Howard, 1950).
Research of seagrass and mangrove communities in Bimini is of increasing
importance as the islands have undergone intense levels of coastal development during the
past two decades; an estimated 18% of seagrass meadows dominated by turtle grass,
Thalassia testudinum, were destroyed (Jennings et al., 2008) and approximately 30% of
mangrove cover was removed from North Bimini to build seaside a large-scale seaside
resort and dredge surrounding waters (Jennings et al., 2008; DiBattista et al., 2011).
A Marine Protected Area (MPA) had been proposed by the Bahamian Minister of
Agriculture and Fisheries for North Bimini in the year 2000, but final designation has been
challenging over the years despite having a high level of local stakeholder support. Many
locals had approved the plan because catch-and-release bonefishing, which is economically
significant for Bimini, would be allowed in protected areas (Gruber & Parks, 2002; Sobel &
Dahlgren, 2004; Wise, 2014). A “20 by 20” initiative was launched in 2008 by the Caribbean
Challenge Initiative, a coalition of governments and industry partners focused on marine
conservation; the Bahamas government committed to protecting 20% of its coastal areas
by 2020 (BNT, 2018). The North Bimini Marine Reserve (NBMR) was then declared in 2009
but was not approved by the Bahamian government; non-implementation was partly due
to inadequate institutional support. In 2015, the NBMR was again not included in the
expansion of MPAs throughout the Bahamas and implementation continues to be stalled to
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date (C. Dahlgren, personal communication, February 28, 2017). For this study, the
proposed (and expanded) boundaries the NBMR will be referenced (BNT, 2018).
The Bimini Biological Field Station, founded by Dr. Samuel Gruber in 1990, has
conducted extensive research on lemon sharks, Negaprion brevirostris, for three decades
(Gruber et al., 1988; Stafford-Deitsch, 2016) along with other elasmobranch species such as
nurse sharks, Ginglymostoma cirratum, blacktip sharks, Carcharhinus limbatus, great
hammerheads, Sphyrna mokarran, and smalltooth sawfish, Pristis pectinata. Research
pertaining to variations of seagrass and mangrove communities in Bimini has been
conducted over the years (Newman et al., 2007; Jennings et al., 2012; Grimmel et al., 2020),
but a greater understanding of the abundance and distribution of teleost species is
warranted to provide scientific findings to inform conservation initiatives.
Baited Remote Underwater Video Systems (BRUVS) were used for this research as a
relatively non-invasive observation method to sample seagrass and mangrove
communities. This study’s objectives were to use BRUVS methodology to record mobile
marine vertebrates in seagrass and mangrove systems and determine the community
composition in nearshore areas, to identify organisms to species level (or to family level in
some instances), to describe the spatial distribution and relative abundance of teleost
species, and to determine which seascape variables influence faunal assemblages.
Principles of seascape ecology were applied to assess species abundance, diversity, and
richness at 102 BRUVS deployment sites to answer the central research question, how does
seascape composition and configuration influence mobile marine vertebrates in seagrass
meadows adjacent to mangrove and non-mangrove habitats in Bimini, Bahamas?

97

Materials and Methods
Study Sites
Study sites were located in the waters surrounding the Bahamian islands of North
and South Bimini, located approximately 90 kilometers (km) east of Miami, FL, US (Figure
15; Google Earth, n.d.). This study was conducted on the east coast of North Bimini,
throughout the main creek in North Bimini, and along the north and south coast of South
Bimini. A total of 111 BRUVS were deployed, and 102 used for data analysis, during a ninemonth period from December 2018 to August 2019.
The majority (95%) of BRUVS were deployed within 250 meters (m) of the
coastline; lemon sharks, Negaprion brevirostris, are known to use this area as a nursery
(Feldheim et al., 2002; Morrissey & Gruber, 1993). Within this area, study sites were
selected randomly after referencing Sentinel 2-A satellite images retrieved from the ESA
Copernicus Open Access hub (https://scihub.copernicus.eu/) to determine broad areas of
seagrass and mangrove cover. Baited Remote Underwater Video Systems (BRUVS) were
spaced <250 m apart to ensure sample independence (Dorman et al., 2012). Deployments
occurred at sites along mangrove-lined shore and non-mangrove coastline (predominately
lined with native vegetation and invasive Australian pines). Mangrove cover is continuous
along the southern coast of South Bimini, throughout the main creek in North Bimini, and
along the eastern side of the North Sound. Mangrove cover is mostly patchy along the
northern coast of South Bimini; there is little to no mangrove cover along the eastern coast
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of both North and South Bimini (See Figure 15). “Patchiness” in this study refers to the
areas where mangroves transition to other habitats (e.g., sandy shore) or where small
areas of mangroves have colonized near the shore.
Data collection
BRUVS Design. Four lightweight, collapsible BRUVS were custom-designed for this
study (See Chapter Three). Research was based out of the Bimini Biological Field Station
(See Figure 16), also known as the “Shark Lab,” located at the far west side of South Bimini.
Figure 15

Map of Bimini, Bahamas Including Its Location Relative to Miami, Florida, US and 102 BRUVS
Deployment Locations
Miami, FL,
US
Bimini,
Bahamas

Note. Retrieved: April 2, 2021. Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS,
AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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BRUVS were made from ¾” diameter PVC and measured 50 cm wide x 52 cm high x
120 cm long. Each BRUVS incorporated one GoPro Hero camera (versions 5, 6, and 7) in an
underwater housing mounted horizontally 50 cm above the seafloor on a vertical camera
arm. During falling tides, the camera mount was lowered to ensure the lens would remain
Figure 16

Four BRUVS Designed for Shallow-Water Systems

Note. Four BRUVS, bait bucket, and 1 m2 quadrat (foreground) ready to be loaded onto a skiff outside
the Bimini Biological Field Station, South Bimini, Bahamas. Author’s own work.

submerged for over one hour. Cameras were set to record in high definition (1080 x 60 at
60 fps/frames per second) using wide-screen format.
The horizontal bait arm, with attached 20 x 20 cm mesh bait bag, was positioned
1.2 m from the camera and perforated with drilled holes to allow air to escape during
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deployment. Each system was baited with 250 g sustainably-sourced sardines (or
pilchards), a species suggested as a standard bait type for BRUVS research (Dorman et al.,
2012). Two-hundred grams (g) of crushed, defrosted sardines were used per deployment;
this amount was less than the quantity of 500 g and 1000 g used for many BRUVS surveys
(Whitmarsh et al., 2017) as research has shown that a smaller amount of bait will attract
the same number of individuals (Hardinge et al., 2013) and because conserving a natural
resource was important to the researcher. This study was also focused on characterizing
the community distributed within the seagrass-mangrove ecotone. A large amount of bait
was not needed to create a long, wide bait plume to attract individuals from a far distance.
Data Gathering. Each BRUVS was deployed for 65+ minutes to allow for settling
time (2 min) before the recommended standard “soak time” of 60 minutes was begun
(Letessier et al., 2015). BRUVs were deployed in the morning and afternoon during daylight
hours. At each site, water temperature (°C) and depth (m) were recorded using a Suunto
Zoop dive computer. Latitude and longitude coordinates were obtained from a handheld
Garmin 78s Global Positioning System (GPS) and distance to shore was measured using
ArcGIS® Online software by Esri (www.esri.com). Tidal phase and tidal state were recorded
and later validated using NOAA’s Tide Predictions Page for North Bimini Station #TEC4617
(https://tidesandcurrents.noaa.gov/) with the knowledge that local conditions vary
slightly (i.e., South Bimini tides are approximately one hour behind North). Surface current
was estimated using a drogue method adapted from the literature (Heagney et al., 2007; E.
Heagney, personal communication, November 20, 2018). A small handmade drogue (mesh
sock) was deployed from the anchored skiff; surface current was estimated based on the
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time it took for the drogue to travel the extent of a 10 m floating line (<1 min = fast; 1 -2
min = medium; > 2 min = slow).
A small-scale patch mosaic model (illustrating approximately 100 m2) was sketched
at each site to characterize landscape and seascape categorical variables. Mangrove cover
type was visually estimated into three categories (continuous, none, patchy). Proximity to
mangrove edge (within 50 m) was visually estimated on each site drawing and was
subsequently confirmed using ArcGIS Online. Location of seagrass patches was also visually
approximated on each site drawing (proximity to creek, lagoon, and open water) and later
validated in ArcGIS Online. Seagrass cover was estimated at each location by randomly
sampling three separate areas: a 1 m2 quadrat frame (divided into 20 x 20 cm sections)
was tossed away from the boat, allowed to settle, and photographed from overhead (this
process was then repeated twice in the water). Percent cover (% cover) of seagrass was
later determined for each quadrat photograph by estimating to the closest 1% of seagrass
and cross-referencing SeagrassNet’s Seagrass Percentage Cover Photo Guide (Short et al.,
2015); the average % cover of seagrass for all three quadrats, and standard deviation, was
used for data analysis. The majority of seagrass quadrat data were gathered concurrently
with each BRUVS deployment and remote sensing data were sourced from the same time
period (within a month of each associated BRUVS deployment) for data analysis.
Video Analysis. Recorded videos were analyzed using QuickTime Player 10.5 on a
large-screen monitor (27”). Each recording was analyzed, and all observable species were
identified, for a duration of 60 minutes after the system settled on the seafloor for two
minutes. All fishes within 2 m of each side of the bait bag were counted; fishes which swam
thorough the background were not included in data analysis as they could not be quantified

102
consistently (although they may be included anecdotally). All fishes observed were
identified to species level when possible (163 out of 8,323 individuals were identified only
to family level). Species richness (SR) was determined by counting the total number of
species observed per BRUVS site. Species abundance was estimated by using MaxN, the
maximum number of a single species observed in a single frame, which is a common metric
used in in BRUVS research (Cappo et al., 2006, Harvey et al., 2013) and MaxI for species
that could clearly be distinguished as individuals (Bond et al., 2012) due to body size,
coloration, and/or markings (including some sharks, barracudas, parrotfishes, and
wrasses). Species diversity was determined by calculating the Shannon index (H) to
characterize the community at each BRUVS deployment site.
Data Processing and Analysis. Predictor variables included distance to shore (m),
proximity to mangrove edge (within 50 m), mangrove cover type (continuous, none,
patchy), average seagrass cover (%), standard deviation of average seagrass cover, location
of seagrass patch (creek, lagoon, open water), water temperature (°C), depth (m), current
(slow, medium, fast), tidal phase and state (high, low; falling, rising, slack), island location
(north, south), and season (wet, dry).
Ecological Data Analysis. Generalized linear models were used to explain species
richness (SR) and species abundance (MaxN/MaxI) using environmental and temporal data
in RStudio 1.4.1106 and R (R Core Team, 2020). Models with a Poisson error distribution
were over-dispersed based on the chi-squared goodness-of-fit test (p < 0.05) so a negative
binomial regression model, which can be useful for modeling over-dispersed count data,
was used instead (chi-squared goodness-of-fit test, p = 0.23). To fit the models in RStudio,
the glm.nb function from the MASS package (Venables & Ripley, 2002) was used. To
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identify the best model for each response variable, an all subsets approach was used via the
dredge function in the MuMIn package (Bartoń, 2020). Linear regression was used to
explain species diversity (Shannon index) using environmental and temporal data after
visually assessing residuals in RStudio 1.4.1106 and R (R Core Team, 2020) and
determining the data met model assumptions. To fit the model in RStudio, the lm function
was used in the stats package (R Core Team, 2020).
Differences in species richness, diversity, and abundance across different categories
of seascape metrics including mangrove edge, seagrass patch location, and mangrove cover
were tested using a series of parametric and non-parametric tests. The Shapiro-Wilk
normality test verified that species richness and diversity (Shannon index) were normal,
and therefore t-tests and ANOVA were used to assess predictors with two and three
categories, respectively. Species abundance was skewed and therefore Kruskal-Wallis and
Mann-Whitney U tests were used to compare groups with two and three categories,
respectively.

Results
BRUVS Deployments
A total of 111 BRUVS were deployed from December 2018 to August 2019 during
December, March, July, and August (27 during the dry season/May to October; 84 during
the wet season/November to April.) Forty-three deployments were made in North Bimini
and 68 in South Bimini. Water temperature ranged from 21° to 35°C (70°F to 95°F), with
highest temperatures during the months of July and August during the dry season. Distance
from shore ranged from one m to 358 m with 95% falling within 250 m of shore. Depth
ranged from 0.21 m to 2.13 m with an average of 0.85 m (99% of deployments were < 2 m).
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Fifty-four % of deployments occurred during high tidal states and 46% during low.
Deployments were distributed among medium speed currents (44%), fast (36%), and slow
currents (20%). Nine deployments were discarded due to boat disturbance and/or data
loss (102 BRUVS deployments were used for data analysis).
Species Identification
BRUVS deployments revealed 12,315 individuals from 75 species (27 families) of
teleosts (70 species; 23 families), elasmobranchs (4 species; 3 families), and marine
reptiles (1 species; 1 family). One species of small, schooling fish, the hardhead silverside,
Atherinomorus stipes, was adjusted to a maximum count of 300 individuals per BRUV site
as counts of this species often exceeded 1,500 individuals; the high number of individuals
in one video frame was difficult to count precisely therefore a conservative count of 300
was used for sites with relatively high numbers of silversides. A total of 8,323 individuals
were used for data analysis after silverside counts were adjusted; 8,160 individuals were
identified to species level (163 individual grunts, needlefish, and parrotfish were only
identified to family level).
The six most abundant teleost family groups included Atherinidae (silversides),
Gerreidae (mojarras), Haemulidae (grunts), Labridae (wrasses), Lutjanidae (snappers), and
Scaridae (parrotfishes) which comprised 93% of observed individuals (see Figure 17).
When Atherinidae (silversides) were removed, the six most abundant families made up
86% of total MaxN/MaxI estimates.
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Figure 17
Relative Abundance (MaxN/MaxI) of Family Groups Observed During 102 BRUVS Deployments
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Note. Species abundance of family groups identified by 102 BRUVS in Bimini, Bahamas; teleost species are shown to the
left (green) and non-teleosts are shown to the right (blue).

The ten most abundant (MaxN/MaxI) individual teleost species were hardhead
silverside, Atherinomorus stipes, bluestriped grunt, Haemulon sciurus, mangrove snapper
Lutjanus griseus, flagfin mojarra, Eucinostomus melanopterus, slippery dick wrasse,
Halichoeres bivittatus, yellowfin mojarra, Gerres cinereus, striped parrotfish, Scarus iseri,
schoolmaster snapper, Lutjanus apodus, slender mojarra, Eucinostomus jonesii, and great
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barracuda, Sphyraena barracuda. Lemon sharks, Negaprion brevirostris, were the most
abundant elasmobranch species (See Table 1.)
Table 1
Total observed species throughout the study, organized by family from highest to
lowest MaxN/MaxI, including species on IUCN Red List: Near Threatened (NT),
Vulnerable (VU), Endangered (EN) (IUCN, 2021)
Total
MaxN/
MaxI
4081*
573
281
105
665
123
64
60
10
9
7
2

Family Group

Scientific Name

Common Name

Atherinidae
Gerreidae

Atherinomorus stipes
Eucinostomus melanopterus
Gerres cinereus
Eucinostomus jonesii
Lutjanus griseus
Lutjanus apodus
Ocyurus chrysurus
Lutjanus synagris (NT)
Lutjanus cyanopterus (VU)
Lutjanus mahogoni
Lutjanus analis (NT)
Lutjanus jocu

hardhead silverside
flagfin mojarra
yellowfin mojarra
slender mojarra
gray snapper
schoolmaster
yellowtail snapper
lane snapper
cubera snapper
mahogany snapper
mutton snapper
dog snapper

Haemulidae

Haemulon sciurus
Haemulon plumierii
Haemulon flavolineatum
Haemulon carbonarium
Emmelichthyops atlanticus
Haemulon album
Haemulon parra
Haemulon macrostomum
Haemulon aurolineatum

bluestriped grunt
white grunt
French grunt
caesar grunt
bonnetmouth
white margate
sailor’s choice
Spanish grunt
tomtate
grunt sp.

777
21
14
11
7
5
3
3
1
96

Labridae

Halichoeres bivittatus
Halichoeres poeyi
Thalassoma bifasciatum

slippery dick wrasse
blackear wrasse
bluehead

464
7
4

Scaridae

Scarus iseri
Sparisoma aurofrenatum
Nicholsina usta
Scarus taeniopterus
Sparisoma viride

striped parrotfish
redband parrotfish
emerald parrotfish
princess parrotfish
stoplight parrotfish

211
68
15
7
5

Lutjanidae
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Sparisoma chrysopterum
Sparisoma rubripinne
Sphyraenidae
Carcharhinidae
Pomacentridae

Sparidae

Belonidae

Carangidae

Albulidae
Kyphosidae
Echeneidae
Acanthuridae

Dasyatidae
Tetraodontidae

Chaetodontidae
Cheloniidae

Caranx bartholomaei
Caranx ruber
Caranx hippos
Caranx crysos
Seriola rivoliana
Caranx latus
Albula vulpes
Kyphosus sectatrix
Echeneis neucratoides
Echeneis naucrates
Acanthurus tractus
Acanthurus chirurgus
Acanthurus coeruleus
Hypanus americanus (NT)

redtail parrotfish
yellowtail parrotfish
parrotfish sp.
great barracuda
guaguanche
lemon shark
blacktip shark
sergeant major
beaugregory
bicolor damselfish
dusky damselfish
sheepshead
saucereye porgy
pluma porgy
pinfish
sea bream
flat needlefish
redfin needlefish
houndfish
needlefish sp.
yellow jack
bar jack
crevalle jack
blue runner
almaco jack
horse-eye jack
bonefish
Bermuda chub
whitefin sharksucker
sharksucker
ocean surgeonfish
doctorfish
blue tang
southern stingray

3
3
37
82
2
60
3
43
12
4
1
27
17
11
1
1
15
4
3
30
17
16
9
4
1
1
45
37
23
13
23
3
2
21

Sphoeroides spengleri
Sphoeroides testudineus
Canthigaster rostrata
Chaetodon capistratus
Chaetodon striatus
Chelonia mydas (EN)

bandtail pufferfish
checkered puffer
sharpnose pufferfish
foureye butterflyfish
banded butterflyfish
green sea turtle

7
6
2
8
1
6

Sphyraena barracuda
Sphyraena guachancho
Negaprion brevirostris (VU)
Carcharhinus limbatus (NT)
Abudefduf saxatilis
Stegastes leucostictus
Stegastes partitus
Stegastes adustus
Archosargus probatocephalus
Calamus calamus
Calamus pennatula
Lagodon rhomboides
Archosargus rhomboidalis
Ablennes hians
Strongylura notata
Tylosurus crocodilus
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Ginglymostomatidae
Mullidae
Hemiramphidae
Ostraciidae
Bothidae
Gobiidae
Malacanthidae

Ginglymostoma cirratum (VU)
Mulloidichthys martinicus
Chriodorus atherinoides
Acanthostracion quadricornis
Lactophrys trigonus
Bothus ocellatus
Coryphopterus glaucofraenum
Malacanthus plumieri

Atlantic nurse shark
yellow goatfish
hardhead halfbeak
scrawled cowfish
trunkfish
eyed flounder
bridled goby
sand tilefish
Total MaxN/MaxI:

6
5
4
1
1
1
1
1
8,323

Note. *Original count including all hardhead silversides (Total MaxN= 12,315).
Scientific names reflect designations by the American Fisheries Society’s Common
and Scientific Names of Fishes from the United States, Canada, and Mexico, 7th
edition (Page et al., 2013), except for Hypanus americanus and Kyphosus sectatrix.

Identified mobile marine invertebrates not used for data analysis included one
species of cephalopod (Caribbean reef squid, Sepioteuthis sepioidea), one cnidarian species
(upside-down jelly, Cassiopea xamachana), four species of crustacean (blue crab, Callinectes
sapidus; spider crab, Mithrax sp.; swimming crab, Portunus sp.; and Caribbean mantis
shrimp, Lysiosquillina glabriuscula), one flatworm species (leopard flatworm, Pseudobiceros
pardalis), and one gastropod species (queen conch, Strombus gigas).
Species Abundance, Diversity, and Richness
Regression Models. Species richness (SR) of each site was modeled using seascape
variables and negative binomial regression; the final model included the following
variables: current (slow, medium, fast), depth (m), mangrove edge (within 50 m of edge:
yes, no), % cover seagrass (average), season (wet, dry), and temperature (°C) (See
Appendix B for a summary of the data). The deviance explained for this model was 0.36 and
goodness of fit suggested no evidence for lack of fit (p > 0.05).
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Added-variable plots show the correlation between a predictor variable and a
response variable conditional on other response variables. Figure 18 shows the addedvariable plots for the dependent variable (species richness) and independent variables
(current, depth, location within 50 m of mangrove edge, average % cover of seagrass,
season, and temperature) for 102 BRUVS deployment sites. Continuous predicted variables
described include depth, average seagrass % cover, and temperature. Depth showed a
positive association with species richness (est. = 0.5325; std. error = 0.1065; z = 4.997; p =
5.83e-07) with more species found at relatively deep sites (although 99% of deployment
sites for this study were < 2 m deep). Average seagrass cover showed a positive association
with species richness (est. = 0.005400; std. error = 0.001767; z = 3.055; p = 0.002247) with
higher species richness at sites with denser seagrass cover. Temperature also showed a
positive association with species richness (est. = 0.02821; std. error = 0.01170; z = 2.410; p
= 0.01594) with more species observed in warmer water.
Categorical predictor variables described include current, mangrove edge, and
season. Fast current was compared against both medium and slow; species richness was
lower in medium-speed (est. = -0.2201; std. error = 0.09707; z = -2.268; p = 0.02334) and
slow-speed current (est. = -0.141910; std. error = 0.119283; z = -1.190; p = 0.234167). For
study sites within 50 meters of the mangrove edge, sites farther from shore (no = > 50 m)
were compared to sites within 50 m of the mangrove edge (yes = < 50 m) with greater
species richness along the mangrove edge (est. = 0.2856; std. error = 0.09220; z = 3.098; p
= 0.001949). For seasonality, the dry season was compared to the wet season; species
richness was higher in the wet months (est. = 0.7061; std. error = 0.2064; z = 3.421; p =
0.0006250).
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Figure 18
Relationships Between Independent Seascape Variables and Species Richness (SR)
Added−Variable Plots
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Note. Added-variable plots, including confidence intervals around the parameter estimate, for
dependent variable (species richness) on y-axis and independent variables (current, depth, location
within 50 m of mangrove edge, average % cover of seagrass, season, and temperature) on x-axis for
102 BRUVS deployments (circles represent adjusted data point for each site). The deviance explained
for this model was 0.36 and goodness of fit suggested no evidence for lack of fit (p > 0.05).
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Species abundance (MaxN/MaxI) of each site was also modeled using seascape
variables and negative binomial regression; the final model included the following
variables: current (slow, medium, fast), distance to shore (m), mangrove cover (continuous,
patchy, or none), and mangrove edge (Yes = < 50 m; No = > 50 m). The deviance explained
for this model was 0.29 and goodness of fit suggested no evidence for lack of fit (p > 0.05).
Figure 19 shows the added-variable plots for the dependent variable (species
abundance) and independent variables (current, distance to shore, mangrove cover, and
location within 50 m of mangrove edge) for 102 BRUVS deployment sites. One continuous
predicted variable was illustrated in Figure 19. Distance to shore had a positive association
with abundance; higher numbers were observed farther from shore (est. = 0.004940; std.
error = 0.001650; z = 2.993; p = 0.00276). Categorical predictor variables selected in the
final model include current, mangrove cover, and mangrove edge. Fast current was
compared against both medium and slow; species abundance was higher in both mediumspeed (est. = 0.2414; std. error = 0.1872; z = 1.289; p = 0.1973) and slow speed (est. =
0.7092; std. error = 0.2356; z = 3.010; p = 0.00261) current compared to fast. Continuous
mangrove cover was compared to patchy and no cover; species abundance was lower in
areas with patchy mangrove cover (est. = -0.7326; std. error = 0.2611; z = -2.806; p =
0.005020) compared to continuous and no cover (est. = -0.36326; std. error = 0.28503; z =
1.274; p = 0.20250) compared to continuous. For study sites within 50 meters of the
mangrove edge, sites farther from shore (n = > 50 m) were compared to sites within 50 m
of the mangrove edge (yes = < 50 m) with greater species richness along the mangrove
edge (est. = 1.294; std. error = 0.2895; z = 4.472; p = 7.74e-06).
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Figure 19
Relationships Between Independent Seascape Variables and Species Abundance (MaxN/MaxI)
Added−Variable Plots
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Note. Added-variable plots, including confidence intervals around the parameter estimate, for
dependent variable (species abundance) on y-axis and independent variables (current, distance to
shore, mangrove cover, and location within 50 m of mangrove edge) on x-axis for 102 BRUVS
deployments (circles represent adjusted data point for each site). The deviance explained for this
model was 0.29 and goodness of fit suggested no evidence for lack of fit (p > 0.05).
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Species diversity, calculated using the Shannon index (H), for each site was modeled
using seascape variables and linear regression; the final model included the following
variables: current, depth (m), distance to shore (m), % cover seagrass (average), season,
and temperature (r2 = 0.31, F = 7.5, p = 4.099e-07).
Figure 20 shows the added-variable plots for the dependent variable (species
diversity, H) and independent variables (current, distance to shore, mangrove cover, and
location within 50 m of mangrove edge) for 102 BRUVS deployment sites. Continuous
predictor variables illustrated include depth, distance to shore, average seagrass % cover,
and temperature. Depth showed a positive association with species diversity (est. = 0.
6959; std. error = 0. 1339; z = 5.196; p = 1.18e-06) with more species found at relatively
deep sites (although 99% of deployment sites for this study were < 2 m deep). Distance to
shore had a negative association; diversity which declined with as distance increased (est.
= -0.0011812; std. error = 0.0006689; z = -1.766; p = 0.08065). Average seagrass cover
showed a positive association with species diversity (est. = 0.0055478; std. error =
0.0019690; z = 2.818; p = 0.00590) with higher diversity at sites with denser seagrass
cover. Temperature also showed a positive association (est. = 0.0454209; std. error =
0.0133998; z = 3.390; p = 0.00102) with greater species diversity observed in warmer
water. Categorical predictor variables included in the final model were current and season.
Fast current was compared against both medium and slow; diversity was lower in mediumspeed (est. = -0.2087853; std. error = 0.1160611; z = -1.799; p = 0.07524) and slow-speed
current (est. = -0.4067291; std. error = 0.1420660; z = -2.863; p = 0.00517). For
seasonality, the dry season was compared to the wet season; species richness was higher in
the wet months (est. = 0.7494090; std. error = 0.2210632; z = 3.390; p = 0.00102).
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Figure 20
Relationships Between Independent Seascape Variables and Species Diversity (H)
Added−Variable Plots
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Note. Added-variable plots, including confidence intervals around the parameter estimate, for
dependent variable (species diversity) on y-axis, and independent variables (current, depth, distance
to shore, % cover seagrass (average), season, and temperature on x-axis for 102 BRUVS deployments
(circles represent adjusted data point for each site).
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Categorical Comparisons. Figures 21 through 35 illustrate the observed
relationships between seascape variables and species richness and abundance of mobile
marine vertebrates at 102 BRUVS deployment sites. Each relationship was assessed via
t-test, Kruskal-Wallis, ANOVA, or Mann-Whitney U test, as specified.
Figure 21 shows significantly greater species richness at deployment sites located
within 50 m of the mangrove edge compared to sites located more than 50 m from the
mangrove edge. The five sites with the highest number of species recorded (SR = 16, 17, 17,
19, and 20) were all located within the seagrass-mangrove ecotone.
Figure 21

Relationship Between BRUVS Deployment Site’s Proximity to Mangrove Edge and Species Richness

Note. Relationship between location within 50 m of mangrove edge (Yes = < 50 m; No = > 50 m) and
species richness, t = -3.873, df = 100, p = 0.000192 using two-tailed independent samples t-test with
95% confidence interval.
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Figure 22 shows significantly higher species abundance (MaxN/MaxI) at sites within
50 m of the mangrove edge; species abundance was lower at sites at a greater distance
from the mangrove-lined shore. The five deployment sites which had the highest number of
individuals observed were also located within the seagrass-mangrove ecotone (MaxN/MaxI
= 325, 334, 339, 359, 384).
Figure 22
Relationship Between BRUVS Deployment Site’s Proximity to Mangrove Edge and Species Abundance

Note. Relationship between location within 50 m of mangrove edge (Yes = < 50 m; No = > 50 m) and
species abundance, z = 3.452, U = 782.5, p = 0.0005600 using a two-tailed Mann-Whitney U Test with
0.05 significance value.
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Figure 23 illustrates higher species diversity (Shannon index) at sites within 50 m of
the mangrove edge compared to sites farther from shore, although the findings were not
significant.
Figure 23
Relationship Between BRUVS Deployment Site’s Proximity to Mangrove Edge and Species Diversity

Note. Relationship between location within 50 m of mangrove edge (Yes = < 50 m; No = > 50 m) and
species diversity, t = -1.0106, df = 100, p = 0.3146 using a two-tailed independent samples t-test with
95% confidence interval.
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Figure 24 illustrates higher species richness at deployment sites in seagrass located
in mangrove-lined creeks compared to sites located in the central lagoon and near open
water, although results were not significant. The deployment site with highest observed
species richness (SR = 20) was located in the main mangrove creek in North Bimini.
Figure 24
Relationship Between Seagrass Patch Location and Species Richness

Note. Relationship between BRUVS deployment locations in seagrass patches with proximity to creek
(C), lagoon (L), and open water (O) and species richness, F(2,99) = 2.851, p = 0.06252 using one-way
ANOVA with .05 significance value.

.
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Figure 25 shows species abundance was higher at deployment sites in seagrass
patches in the lagoon compared to the creek and open ocean, although results were not
significant. Sites closer to open water had more outliers than those in the estuaries and
also had the highest recorded abundance for any site (total MaxN/MaxI = 471).

Figure 25
Relationship Between Seagrass Patch Location and Species Abundance

Note. Relationship between BRUVS deployment locations in seagrass patches with proximity to creek
(C), lagoon (L), and open water (O) and species abundance, H(2) = 0.9493, p = 0.6221 using KruskalWallis test with 0.05 significance value.
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Figure 26 shows higher species diversity at deployments sites in seagrass located in
mangrove-lined creeks compared to sites located near open water and in the central lagoon,
although results were not significant.
Figure 26
Relationship Between Seagrass Patch Location and Species Diversity

Note. Relationship between BRUVS deployment locations in seagrass patches with proximity to creek
(C), lagoon (L), and open water (O) and species diversity, F(2,99) = 3.320, p = 0.04019 using one-way
ANOVA with .05 significance value.
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Figure 27 illustrates the relationship between mangrove cover and species richness
at BRUVS deployment sites. Species richness was highest at sites located near continuous
and patchy mangrove cover. Sites near the coast with rocky or sandy shore and/or invasive
pine with no mangroves had the lowest number of species observed.
Figure 27
Relationship Between Mangrove Cover at BRUVS Deployment Sites and Species Richness

Note. Relationships between continuous (C), patchy (P), and no (N) mangrove cover at BRUVS
deployment sites and species richness, F(2,99) = 2.926, p = 0.05821 using one-way ANOVA with .05
significance value.
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Figure 28 shows the relationship between mangrove cover and species abundance.
Species abundance was highest at sites near continuous mangrove cover and lower at sites
with patchy or no mangrove cover. Sites with continuous and no mangrove cover also had
the most outliers; the single highest observations of MaxN/MaxI were from sites with
continuous mangrove cover.
Figure 28
Relationship Between Mangrove Cover at BRUVS Deployment Sites and Species Abundance

Note. Relationship between continuous (C), patchy (P), and no (N) mangrove cover at BRUVS
deployment sites and species richness, H(2) = 10.12, p = 0.006340 using Kruskal-Wallis test with 0.05
significance value.
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Figure 29 illustrates the relationship between mangrove cover and species diversity
at BRUVS deployment sites. Although the highest values for species diversity were found at
sites with continuous mangrove cover, results were not significant and average species
diversity appears to be similar across all mangrove cover types.

Figure 29
Relationship Between Mangrove Cover at BRUVS Deployment Sites and Species Diversity

Note. Relationship between continuous (C), patchy (P), and no (N) mangrove cover at BRUVS
deployment sites and species diversity, F(2,99) = 0.1996, p = 0.8193 using one-way ANOVA with .05
significance value.
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Figures 30, 31, and 32 illustrate the relationship between BRUVS deployment site
proximity to mangrove edge/seagrass patch location and species richness and abundance.
In Figure 30, the observed difference in species richness near and far from mangrove edge
appears to be consistent regardless of the proximity of seagrass patches to the creeks,
lagoon, or open water. Richness appears higher at sites in the seagrass-mangrove ecotone,
within 50 m of the mangrove edge.

Figure 30
Relationship Between Mangrove Edge/Seagrass Patch Location and Species Richness at BRUVS
Deployment Sites

Note. Relationship between site proximity to mangrove edge (Yes = < 50 m; No = > 50 m)
and seagrass patch proximity to creek (C), lagoon (L) and open water (O) and species richness.
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In Figure 31, the observed difference in species abundance appears higher across all
seagrass patch locations in close proximity to the mangrove edge; species abundance
appears lower in all seagrass patch locations further than 50 m from the mangrove edge.

Figure 31
Relationship Between Mangrove Edge/Seagrass Patch Location and Species Abundance at BRUVS
Deployment Sites

Note. Relationship between site proximity site proximity to mangrove edge (Yes = < 50 m; No = > 50
m) and seagrass patch proximity to creek (C), lagoon (L) and open water (O) and species abundance.
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In Figure 32, the observed difference in species diversity appears highest at sites in
seagrass patches in close proximity to the mangrove-lined creeks. Species diversity appears
lower in seagrass patches farther than 50 m from shore in the lagoon and near open water
and lowest in seagrass patches along the mangrove edge in the lagoon and near open
water.
Figure 32
Relationship Between Mangrove Edge/Seagrass Patch Location and Species Diversity at BRUVS
Deployment Sites

Note. Relationship between site proximity site proximity to mangrove edge (Yes = < 50 m; No = > 50
m) and seagrass patch proximity to creek (C), lagoon (L) and open water (O) and species diversity.
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Figures 33, 34, and 35 show the relationship between mangrove cover/seagrass
patch location and species richness and abundance. Figure 33 shows species richness was
highest at sites with continuous mangrove cover in the creeks and patchy mangrove cover
near open water. Species richness was lowest at sites with no mangrove cover near the
creeks and open water.
Figure 33
Relationship Between Mangrove Cover/Seagrass Patch Location and Species Richness at BRUVS
Deployment Sites

Note. Relationship between site proximity to mangroves with continuous (C), patchy (P), and no
cover (N)/seagrass patch proximity to creek (C), lagoon (L), and open water (O) and species richness.
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Figure 34 shows species abundance was highest at all seagrass patch locations in
close proximity to continuous mangrove cover. The lowest abundance was observed at
sites with patchy mangrove cover and no mangrove cover in the creeks and lagoon.
Figure 34
Relationship Between Mangrove Cover/Seagrass Patch Location and Species Abundance at BRUVS
Deployment Sites

Note. Relationship between site proximity to mangroves with continuous (C), patchy (P), and no
cover (N)/seagrass patch proximity to creek (C), lagoon (L), and open water (O) and species
abundance.
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Figure 35 shows highest diversity at deployment sites with continuous mangrove
cover in seagrass patches near the creeks and at sites with patchy mangrove cover near
open water. The least diverse sites were located in the lagoon with continuous mangrove
cover.

Figure 35
Relationship Between Mangrove Cover/Seagrass Patch Location and Species Diversity at BRUVS
Deployment Sites

Note. Relationship between site proximity to mangroves with continuous (C), patchy (P), and no
cover (N)/seagrass patch proximity to creek (C), lagoon (L), and open water (O) and species diversity.

130

Spatial Distribution of Most Abundant Species
Spatial distribution maps (Figures 36 - 42) illustrate the variability in distribution
and the relative abundance (MaxN/MaxI) of the most abundant species observed during
102 BRUVS deployments.
The ten most abundant individual teleost species were:
1. Hardhead silverside, Atherinomorus stipes
2. Bluestriped grunt, Haemulon sciurus
3. Mangrove (or gray) snapper, Lutjanus griseus
4. Flagfin mojarra, Eucinostomus melanopterus
5. Slippery dick wrasse, Halichoeres bivittatus
6. Yellowfin mojarra, Gerres cinereus
7. Striped parrotfish, Scarus iseri
8. Schoolmaster snapper, Lutjanus apodus
9. Slender mojarra, Eucinostomus jonesii
10. Great barracuda, Sphyraena barracuda
Also included are maps for the lemon shark, Negaprion brevirostris, which was the
most abundant elasmobranch species (Figure 43), and the green sea turtle, Chelonia mydas,
the only marine reptile observed (Figure 44).
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Figure 36 shows illustrates the spatial distribution and relative abundance of the
species with highest MaxN, the hardhead silverside, Atherinomorus stipes, and spatial
overlap with the great barracuda, Sphyraena barracuda, which commonly preys on
hardhead silversides in the Caribbean (Nagelkerken et al., 2001). Temporally, both species
were observed during the same months (in the same locations).
Figure 36
Spatial Distribution and Relative Abundance of the Hardhead Silverside and Great Barracuda

Note. Occurrence of great barracuda (green circles) and their main prey item, the hardhead silverside
(blue circles). White circles represent BRUVS deployments with no observations of these species.
Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid,
IGN, IGP, swisstopo, and the GIS User Community.
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Figure 37 illustrates the distribution of bluestriped grunt, Haemulon sciurus, the
species with the second-highest observed MaxN, and the closely-related French grunt,
Haemulon flavolineatum, in the seagrass-mangrove ecotone. While French grunt were
observed far less frequently (See Table One), all occurrences coincided both spatially and
temporally with bluestriped grunts; both species were present during all months of data
collection. Bluestriped grunt showed a positive association with the mangrove edge (z =
3.007, U = 849.0, p = 0.002620).
Figure 37
Spatial Distribution and Relative Abundance of Bluestriped Grunt, French Grunt, and Seagrass Cover

Note. Occurrence of bluestriped grunt (blue circles) and French grunt (purple circles) in seagrass
(green circles).Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX,
Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Figure 38 illustrates the spatial distribution and relative abundance of the species
with the third-highest MaxN, gray (or mangrove) snapper, Lutjanus griseus, and % cover of
seagrass. Temporally, similar abundances of mangrove snapper were observed during each
month of data gathering. The species showed a strong association with the mangrove edge
(z = 4.832, U = 576.5, p = 0.00001000).
Figure 38
Spatial Distribution and Relative Abundance (MaxN/MaxI) of the Gray (or Mangrove) Snapper

Note. Occurrence of gray snapper (purple circles) and overlap with seagrass (green circles) near
continuous and patchy mangrove cover. Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA
FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Figure 39 shows the spatial distribution and relative abundance of flagfin mojarra,
yellowfin mojarra, and slender mojarra. Temporally, all three species were present
throughout the duration of the study period. Flagfin and yellowfin mojarra showed a
positive association with the mangrove edge (z = -2.012, U = 997.5, p = 0.04444; z = 11.81,
U = 219.5, p = 0.00001, respectively). Flagfin and slender mojarra showed an association
with depth (rs = -0.3239, p = 0.00089; rs = 0.2409, p = 0.01469, respectively).
Figure 39
Spatial Distribution and Relative Abundance of Three Mojarra Species Observed by BRUVS

Note. Occurrence of flagfin mojarra (blue circles), yellowfin mojarra (yellow circles) and slender
mojarra (pink circles) observed by BRUVS in Bimini, Bahamas. Basemap Sources: Esri, DigitalGlobe,
GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User
Community.
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Figure 40 illustrates the spatial distribution and relative abundance of the species
with the fifth-highest MaxN, slippery dick wrasse, Halichoeres bivittatus, and % cover of
seagrass. Slippery dick wrasses were observed at similar abundances throughout the datagathering months. This species showed an association with the mangrove edge (z = -3.338,
U = 799.5, p = 0.0008400) but results for seagrass correlation were not significant.
Figure 40
Spatial Distribution and Relative Abundance of the Slippery Dick Wrasse and Seagrass % Cover

Note. Occurrence of slippery dick wrasse (yellow circles) in seagrass meadows (green circle) observed
by BRUVS in Bimini, Bahamas. Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA,
USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Figure 41 shows the spatial distribution and relative abundance of the herbivorous
striped parrotfish, Scarus iseri, which had the sixth-highest MaxN and % cover of seagrass.
Striped parrotfish striped had a positive association with seagrass in this study (rs =
0.2307, p = 0.01969). Temporally, striped parrotfish observations were made during each
month of data collection.
Figure 41
Spatial Distribution and Relative Abundance of the Striped Parrotfish and Seagrass % Cover

Note. Occurrence of striped parrotfish (yellow circles) in seagrass meadows (green circles) observed
by BRUVS in Bimini, Bahamas. Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA,
USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Figure 42 shows the spatial distribution and relative abundance of bonefish, Albula
vulpes, an economically-important species for Bimini, and its occurrence both inside and
outside the proposed NBMR. Temporally, bonefish were only seen in December and March
during data collection although local knowledge suggests year-round presence in Bimini
(Danylchuk et al., 2007).
Figure 42
Spatial Distribution and Relative Abundance of Bonefish and Area for Proposed NBMR

Note. Occurrence of bonefish (green circles) observed by BRUVS inside and outside the proposed
NBMR (green outline). Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX,
Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Figure 43 illustrates the spatial overlap of Negaprion brevirostris and their most
common prey according to gut-content analysis of juvenile lemon sharks: mojarra
(Gerreidae), parrotfish (Scaridae), barracuda (Sphyraenidae), and grunts (Haemulidae)
(Newman et al., 2010). Temporally, all species shown were observed during all months of
data collection.
Figure 43
Spatial Distribution and Relative Abundance of Lemon Sharks and Main Prey Species

Note. Occurrence of lemon sharks (yellow dots) and their most common prey, mojarra (dark blue
circles), parrotfish (light green circles), barracuda (light blue circles), and grunts (yellow circles).
Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid,
IGN, IGP, swisstopo, and the GIS User Community.
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Figure 44 illustrates the spatial overlap of the six green sea turtle, Chelonia mydas,
observations by BRUVS and average seagrass % cover described in this study. This species
was observed during both the wet and dry season.
Figure 44
Spatial Distribution and Relative Abundance of Green Sea Turtles, Seagrass % Cover and Proposed
NBMR

Note. Occurrence of green sea turtles (purple dots), seagrass % cover (light green circles), and
proposed NBMR (yellow polygon outline). Basemap Sources: Esri, DigitalGlobe, GeoEye, i-cubed,
USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Discussion
Seascape Variable and Species Diversity
BRUVS were used to quantify species diversity and abundance of mobile marine
vertebrates in a seagrass-mangrove ecotone across a range of seascape variables. BRUVS
have only been used to study shallow-water habitats in a small number of studies
(Whitmarsh et al., 2017). While recent research has focused on shallow systems (Grimmel
et al., 2020; Jones et al., 2018; Kiggins et al., 2018), the methods used continue to be
developed (Grimmel et al., 2020). Ninety-nine percent of BRUVS deployments in this
dissertation were below 2.0 m. Although depth showed significant positive relationships
with two response variables, and species richness and diversity increased with depth, this
study was specifically focused on shallow water habitats and therefore “deep” is a relative
term.
Water temperature also showed significant positive relationships with species
richness and diversity; an increased number of species and higher diversity were observed
with warmer water. Greater species richness and diversity were also strongly associated
with the wet season which seems contradictory to the previous temperature-related
findings and may be a consequence of sampling effort (19 BRUVS deployed during the dry
season and 84 deployed during the wet season were used for data analysis.)
Current showed significant relationships with all three response variables. Mediumspeed current had a negative association with species richness as did slow-speed current
with species diversity; with slower currents, lower numbers of species and less diversity
was observed. Fast currents had the highest species richness which may be related to bait
plume dispersal and attraction of individuals. Slow-speed current showed a significant
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positive association with species abundance; lower MaxN/MaxI counts may have been
related to individuals moving through the camera frame more quickly and higher
MaxN/MaxI counts may have been facilitated by slower moving water.
Distance to shore had a significant relationship with species abundance. Greater
numbers of individuals were observed farther from the coast. As 95% of deployments were
made within 250 m of shore, these findings must also be considered alongside the coastal
nature of this study. Greater abundance of individuals may be related to the schooling
nature of the species with highest MaxN counts (hardhead silverside), the presence of
nearby patch reefs, and movement of species between seagrass and mangrove habitats.
Average seagrass % cover was significantly related to species richness and diversity.
In seagrass patches with higher density of cover, more species were observed and diversity
was higher. These findings align with the literature which highlights the vital role that
seagrass meadows play for marine species globally (Unsworth et al., 2014; Unsworth,
Nordlund, Cullen-Unsworth, 2019). Seagrasses provide three-dimensional structure in
areas where refuge is limited and support high levels of biodiversity (Hemminga & Duarte,
2000; Unsworth, McKenzie, et al., 2019). As several apex predators, including lemon sharks
and barracuda, are found in near-shore environments throughout Bimini, seagrasses may
provide important refuge for some species and areas with high densities of prey for
predators.
Although the location of seagrass patches to the creeks, lagoon, and open water
were not statistically significant, species richness and diversity was highest near the
creeks. This could be due to the close proximity of continuous mangroves fringing both
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sides of the creeks in these areas. Species abundance was highest in seagrass patches in the
lagoon which may be related to the movement of species between habitats.
Mangrove cover showed a significantly negative association with species
abundance; fewer individuals were observed in areas with patchy mangrove cover
compared to continual mangrove cover or no mangrove cover. Sites with continuous
mangrove cover had higher abundance which aligns with literature describing the
importance of mangroves for marine species (Hogarth, 2015; Mumby et al., 2004;
Nagelkerken & van der Velde, 2002). Higher abundances at sites with no mangrove cover,
compared to patchy sites, may be related to the proximity of nearby patch coral reefs or to
movement of species between habitats.
Sites in the mangrove-seagrass ecotone, characterized by location in seagrass
patches within 50 m of the continuous mangrove-lined coast, were significantly associated
with species richness and diversity. These findings support the literature which has shown
that both seagrass and mangrove systems support diverse marine communities and
highlight the importance of connectivity between coastal habitats (Dorenbosch et al., 2004;
Nagelkerken et al., 2001; 2002; Serafy et al., 2015).
Spatial Distribution: Most Commonly Observed Species
Figure 36 illustrates the spatial distribution and relative abundance of the species
with the highest MaxN, hardhead silverside, Atherinomorus stipes, and its common
occurrence with the great barracuda, Sphyraena barracuda, which was the tenth most
abundant species observed this study. While much is unknown about the hardhead
silverside’s natural history, research has found this species to be closely associated with
the mangrove shoreline (Nagelkerken & van der Velde, 2004; Nash et al., 2017) although
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results were not significant for association with the mangrove edge in this study (possibly
due to its occurrence at sites near open water). The presence of barracuda along the
seagrass-mangrove ecotone may be related to diet; the hardhead silverside has been
identified as a main prey item of barracuda in the Caribbean. Although Sphyraena
barracuda are not known to feed in the actual mangroves, they have been observed feeding
on silversides in the seagrass-mangrove ecotone and their feeding behavior has been
associated with mangrove presence (Nagelkerken & van der Velde, 2004).
Adult barracuda have distinct markings (dusky bars and dark blotches) which allow
for identification of individuals (See Figure 45); the dark patches on their sides look like
small fishes from a distance (Böhlke & Chaplin, 1993), which allows them to hide in the
shallows. Because adults can be distinguished by their markings, it is possible to identify
individuals using underwater photographs (Wilson et al., 2006); continued research on this
species using BRUVS may allow for non-invasive data gathering. Although this species is an
ecologically-important apex predator, and an economically important species which is
targeted by both recreational anglers and subsistence fishers, a great deal remains
unknown about the life history of barracuda (O’Toole et al., 2011).
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Figure 45
Great Barracuda Observation by BRUVS in the Seagrass-Mangrove Ecotone

Note. Great barracuda observed by BRUVS (top) and close-up of patterning (bottom) at a site with
low % cover of seagrass. Author’s own work.

Figure 37 shows the distribution and relative abundance of the second most
abundant species, bluestriped grunt, Haemulon sciurus, which were observed at juvenile,
intermediate, and adult life stages in the seagrass-mangrove ecotone. Seagrass meadows
have been found to be the most important nurseries for this species (Nagelkerken, van der
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Velde, et al., 2000) and spatial overlap with seagrass % cover is shown in the figure. Also
shown is the occurrence of French grunt, Haemulon flavolineatum, which were observed far
less frequently but spatially overlapped with bluestriped grunts at all BRUVS sites. Their
common occurrence may signify that the two species forage for similar prey in seagrass
(Nagelkerken, Dorenbosch, et al., 2000). While some species avoid foraging in the seagrassmangrove ecotone (e.g., gray snapper, Lutjanus griseus) due to predator presence, the
bluestriped grunt has been found to forage for crustaceans near shore (Hammerschlag et
al., 2010). This behavior could be due to the schooling nature of this species (Hobson,
1965) or other adaptations which compensate for higher rates of predator encounters in
the seagrass-mangrove ecotone (Hammerschlag et al., 2010). Both bluestriped grunt and
French grunt make predictable migrations away from mangrove prop roots at dusk every
day (Rooker & Dennis, 1991). BRUVS were well-positioned to record these species as all
deployments were made during daytime hours.
The distribution and relative abundance of the mangrove (or gray) snapper,
Lutjanus griseus, and its close association with the mangrove edge, is shown in Figure 38.
Mangrove snapper are both an ecologically and economically important species which
exhibit diel migration patterns and move between mangroves during the day and
seagrasses during the night (Luo et al., 2009). As this study was conducted during daylight
hours, only diurnal observations of the species were made; mangrove snapper were seen in
both seagrass and mangrove habitats during the day which could be related to the close
proximity of these habitats in Bimini. While the species showed a positive association with
the mangrove edge in this study, findings were not significant for its presence in seagrass
which may be related to data gathering during the daytime. Lutjanus griseus feed primarily
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on penaeid shrimp; research has shown that they derive more than 90% of their carbon
and nitrogen from sediment and particulate organic matter in seagrass meadows and from
these sources, including detritus, in mangroves (Harrigan et al., 1989). The seagrassmangrove ecotone in Bimini could therefore play an important role for mangrove snapper
in terms of diet and habitat.
Mojarras are mangrove-associated species (See Figure 39). The three species
observed in this study were the flagfin mojarra, Eucinostomus melanopterus (fourth-highest
MaxN), yellowfin mojarra, Gerres cinereus (sixth-highest MaxN) and slender mojarra,
Eucinostomus jonesii (ninth-highest MaxN). Yellowfin mojarra are the largest member of
the Gerridae distributed in the Bahamas (Böhlke & Chaplin, 1993). Previous research in
Bimini found the yellowfin mojarra to be the most abundant mojarra in the mangroves and
the slender mojarra the most abundant in seagrass (Newman et al. 2007). This study found
the smaller flagfin mojarra had a strong association with the mangrove edge as did the
larger yellowfin mojarra. Recent work in Bimini also found flagfin mojarra to be more
abundant than yellowfin mojarra (Grimmel et al., 2020), which could be related to the
shallow depth of the study and different body sizes of mojarra species. In this study, the
flagfin mojarra and slender mojarra showed a significant association with depth; fewer
flagfin mojarra were observed as depth increased and slender mojarra were more
abundant at relatively deeper sites. Mojarra are a prey item of bonefish (Böhlke & Chaplin,
1993), an economically-important species for Bimini’s recreational fishing sector (Sherman
et al., 2018).
The slippery dick wrasse, Halichoeres bivittatus, the fifth most-observed species in
this study, was observed at all (visible) life stages by BRUVS. Halichoeres bivittatus were
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most often observed in groups, or wrasse harems, and may be permanent residents of
seagrass meadows (Ogden, 1980). The distribution of this species in seagrass, and
association with the mangrove edge, is shown in Figure 40. The life history stages of
wrasses are easily distinguished by their coloration and markings, juvenile Halichoeres
bivittatus display a distinct horizontal stripe along their bodies (Roede, 1972), which
appears to help them hide among seagrass blades. Juvenile, intermediate, and adult phases
of wrasses can be easily determined by divers and snorkelers, and this distinction was also
possible when observing BRUVS footage. BRUVS may prove useful for studying marine
species which exhibit distinct color phases to identify life stages non-invasively.
The herbivorous striped parrotfish, Scarus iseri, which had the sixth-highest MaxN,
commonly occurs in seagrass in the Caribbean and is also found on coral reefs. The primary
nursery habitat for this species has been identified as shallow seagrass (Dromard et al,
2017); striped parrotfish had a positive association with seagrass in this study. Like
wrasses, parrotfishes also exhibit different color phases according to their life history stage
that are easily distinguished visually. Only juvenile, intermediate phase, and adult females
were observed by BRUVS; adult terminal-phase males, distinguished by their colorful
external markings, were not seen in this study. Striped parrotfishes are territorial
(Buckman & Ogden, 1973); the lack of spatial overlap seen in Figure 41 may be indicative
of separate striped parrotfish territories.
While bonefish were not observed as frequently as the previous species (See Table
One), their importance to Bimini as an economic resource warrants examiniation of their
spatial and temporal distribution. Bonefish are central to the tourism econonmy in the
Bahamas, the catch-and-release fishery brings in over $140 M USD per year and most of the
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revenue goes to smaller, family islands of which Bimini is a part (Fedler, 2010). Bonefish
are frequently caught at shallow depths of less than 2 m in seagrass or sandy habitats
(Colton & Alevizon, 1983; Crabtree et al., 1998). Recreational fishers often target “flats” in
North and South Bimini, shallow areas of sand and seagrass. BRUVS did not observe
bonefish from the flats in this study, instead bonefish were seen in areas with little seagrass
away from the mangrove egde (See Figure 42). Bonefish also did not show an association
with % cover of seagrass or the mangrove egde; this may relate to the small sample size (n
= 45) or the species occurrence over sandy bottoms (Layman et al., 2004) where they
forage for invertebrates.
Figure 46
Bonefish in South Bimini, Bahamas

Note. Bonefish observed by BRUVS. Author’s own work.

Despite its economic importance, much remains unknown regarding the ecology of
bonefishes (Murchie et al., 2013). Anecdotal observatons made by local anglers and fishing
guides suggest that bonefish form groups and spawn from November to April (Danylchuk
et al., 2007). During this study, bonefish were observed during the months of December
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and March which aligns with local knowledge. The largest aggreation of bonefish in this
study occurred outside the proposed NBMR (See Figure 42), although small groups were
seen inside the potential MPA boundaries where catch-and-release bonefishing will
continue to be permitted if final designation is approved. The bonefish fishery has already
benefitted from incrased protections by the Bahamian government (i.e., protecting
migration corridors and spawning sites in Grand Bahama and Abaco Island) and from the
receational fishign sector (i.e., communicating best practices for handling and release);
additional habitat protection could help protect bonefish populations (Sherman et al.,
2018) in Bimini.
Spatial Distribution: Lemon Sharks
Figure 43 illustrates the spatial overlap of lemon sharks and their most common
teleost prey which includes mojarra, parrotfish, barracuda, and grunts according to gutcontent analysis of juveniles (Newman et al., 2010). BRUVS observations of these families
Figure 47
Lemon Shark Nursery in North Bimini, Bahamas

Note. Juvenile lemon shark pups observed by BRUVS. Author’s own work.
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aligns with previous findings that high overlap exists between mangrove communities and
lemon shark diet and offers additional support regarding the important role mangroves
provide to marine species (Newman et al., 2010). Bimini is home to several nurseries for
lemon sharks (Jennings et al., 2008) therefore available, and appropriately-sized, prey is
vital for their survival (See Figure 47). Lemon sharks are apex predators in Bimini (Gruber,
1982; Cortés & Gruber, 1990) and play an important role in top-down ecosystem control
(Jennings et al., 2008). The spatial distribution of lemon sharks observed by BRUVS in this
study also supports findings of their close association with nearshore environments
(Feldheim et al., 2002; Morrissey & Gruber, 1993).
Spatial Distribution: Green Sea Turtles
Figure 44 illustrates the spatial overlap of six green sea turtle, Chelonia mydas,
observations by BRUVS and average seagrass % cover described in this study. Green sea
turtles in the Caribbean feed primarily on seagrass (Bjorndal, 1985). Six individual green
sea turtles were observed by BRUVS in South Bimini (eight additional turtles were sighted
in South Bimini while travelling between deployment sites) (See Figure 48). While no
observations were made by BRUVS in North Bimini, twelve individuals were visually
sighted from the skiff. As sea turtles are not attracted to the suggested standard BRUVS bait
(sardines), observations may be opportunistic. Therefore, a variety of observation methods
are recommended in conjunction with BRUVS for sea turtle research.
Although BRUVS have only been used to observe sea turtles in one published study
to date (Letessier et al., 2014), the technology may complement other methods by
providing insights into fine scale usage of habitat, effectively ground-truthing information
from tagged individuals (Whiting et al., 2008), and may provide data on gender ratios
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(Hays et al., 2010) as adult green sea turtles are sexually dimorphic with males exhibiting
longer tail length (Ross, 1984), and/or provide accurate length measurements if stereoBRUVS are used (Johansson et al., 2008).
Recent green sea turtle research from Bimini on captured and tagged individuals
found one area with high turtle density by the main creek in North Bimini and along the
southern coast of South Bimini (Fuentes et al., 2018 ). Four green sea turtles observed by
BRUVS for this dissertation were located in the same, high-density sea turtle area along the
southern coast of South Bimini identified by Fuentes et al. (2018). The other two green sea
turtle observations in this study were located along the northern coast of South Bimini, an
area where turtles were not tagged or captured during the aforementioned research.
Although this is a very small number of sightings, the two BRUVS deployment observations
in this work fall within the newly expanded proposed North Bimini Marine Reserve (BNT &
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TNC, 2014), suggesting this larger protected area may provide greater protection for
populations of threatened and endangered green sea turtles (Seminoff, 2004).
Figure 48
Green Sea Turtle in South Bimini, Bahamas

Note. Author’s own work.

Conclusion
This dissertation chapter focused on often-overlooked seagrass and mangrove
habitats and the associations between seascape variables and the diversity and distribution
of mobile marine vertebrates. The use of non-invasive BRUVS for this study was
appropriate in order to minimally impact sensitive marine species and habitats. BRUVS
observed over 12,315 individuals from 75 species (27 families) in shallow (< 2 m), nearshore systems (within 250 m of the coast). The lightweight, collapsible BRUVS design
allowed for the quick deployment and retrieval of BRUVS to gather large amounts of data in
limited time.
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This study applied generalized linear models to assess species abundance, diversity,
and richness of marine fauna at 102 BRUVS deployment sites to answer the central
research question, how does seascape composition and configuration influence mobile
marine vertebrates in seagrass meadows adjacent to mangrove and non-mangrove habitats
in Bimini, Bahamas? Findings highlight the importance of the seagrass-mangrove ecotone
for marine vertebrates (teleosts, elasmobranchs, and reptiles) with greater species
diversity and richness associated with greater % cover of turtle grass, Thalassia
testudinum, and greater species abundance and richness associated with red mangroves,
Rhizophora mangle.
The work suggests that the seagrass-mangrove ecotone supports Bimini’s
biodiversity and is important to both predators and prey, which use the area for both
foraging and protection. Seagrass meadows and mangroves are home to several species
that are threatened or in decline. This study observed four species that are listed by the
International Union for Conservation of Nature (IUCN) as Near Threatened (blacktip shark,
Carcharhinus limbatus; southern stingray, Hypanus americanus; mutton snapper, Lutjanus
analis; lane snapper, Lutjanus synagris), three species listed as Vulnerable (Atlantic nurse
shark, Ginglymostoma cirratum; cubera snapper, Lutjanus cyanopterus; lemon shark,
Negaprion brevirostris) and one Endangered species (green sea turtle, Chelonia mydas)
(International Union for Conservation of Nature, 2021). Without healthy seagrass and
mangrove systems to provide refuge, foraging, and/or nursery grounds, these species could
face greater challenges. These habitats are intricately connected to each other, to nearby
patch coral reefs, and to the open ocean (Dorenbosch et al., 2004; Hogarth, 2015;
Nagelkerken & van der Velde, 2004). Many species depend on different habitats at juvenile,
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intermediate, and adult life stages or make daily migrations between mangroves, reefs, and
seagrasses (Hogarth, 2015; Nagelkerken & van der Velde, 2002). The juxtaposition of these
near-shore marine systems is vital to the survival of many species, some which are
ecologically and economically significant. When one system is removed (e.g., seagrass
removal or mangrove destruction), it has broad implications with farther reaching
consequences than the immediate, physical disturbance. Nearby, connected systems and
the marine life that also depends on them will also suffer.
Over the past two decades, coastal development has surged in Bimini; an extensive
area of mangroves and seagrass was removed for coastal development in North Bimini and
further development is planned (Gruber & Parks, 2002). Designating the North Bimini
Marine Reserve (NBMR) would preserve ecologically and economically important marine
species while also physically protecting the coast for local Bahamians. Science-based
research can be used to inform conservation and management decision-making in Bimini
and support local protection of mangrove forests and seagrass meadows.
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To Conclude: Final Thoughts
This dissertation applied principles of the relatively new discipline of seascape
ecology, which draws primarily from concepts and frameworks in the well-established field
of landscape ecology. Both disciplines focus on understanding how spatial patterning
influences ecological processes. The data collected for this study helped show that the
seagrass-mangrove ecotone, and nearby patch reefs, support high levels of biodiversity in
Bimini; they are places worth preserving for many reasons.
Marine life in Bimini has been impacted over the last two decades by the destruction
of mangrove forests and seagrass meadows, which were removed in order to develop a
large resort that is out of scale compared to other homes and businesses on the island.
Further development is planned that includes a new wharf, 18-hole golf course, 5,000 sq ft
“residences”, and an “eco-theme park” in the mangroves (Fuentes et al., 2018; Rockwell
Island, 2018). This development could negatively impact the mangrove forest in North
Bimini, an area of particular importance to the culture, economy, and ecology of
Bahamians. Designation of the proposed NBMR would serve to protect the mangroves from
further destruction while preserving the important recreational fishing sector for bonefish,
an important part of the local economy. Protecting the mangroves would also help protect
the local people of Bimini from storm surge during hurricanes and extreme weather events
(Hemminga & Duarte, 2000; Hogarth, 2015; Nordlund et al., 2018), help mitigate climate
change through carbon sequestration (Mcleod at al., 2011; Fourqurean et al., 2012; Duarte
et al., 2013; Greiner et al., 2013; Howard et al., 2017), and maintain local food security as
many species that are consumed spend a portion of their life history among the mangroves
and seagrasses (Hemminga & Duarte, 2000; Hogarth, 2015).
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Bimini is home to the only extensive mangrove habitat on the western edge of the
Great Bahama Bank in the northwestern Bahamas (BNT & TNC, 2014) and is critical habitat
for many marine and terrestrial species, some of which were observed in this study. The
mangroves are an area of cultural importance to locals, as Ernest Hemingway used to sport
fish in Bimini extensively (Oliphant, 2016) and Dr. Martin Luther King, Jr. spent several
afternoons among the mangroves thinking and writing. Dr. King wrote portions of his
acceptance speech for his Nobel Peace Prize sitting on a boat in a mangrove-lined creek in
North Bimini (Saunders, 2000), an area now deemed a future “eco” theme park (Rockwell
Island, 2018).
While 12,315 individuals from 75 species were observed by BRUVS in this study, the
relatively small spatial scale did not include the nearby patch coral reefs or deep sea
habitats that are in close proximity to Bimini. Consideration of these habitats in a largerscale study would further illustrate the incredibly high biodiversity surrounding these
islands. Sampling the seagrass-mangrove ecotone using other methods (or a combination
of methods), focusing on different species (e.g., invertebrates), and broadening the
temporal scale of data collection would provide more data on species that were not
observed in this study. Research on the social impact of coastal development in Bimini is
also warranted; it would be beneficial to gather data on the economics (e.g., has the resort
helped bring money into the local economy? were jobs created that helped locals?) before
beginning another phase of development that may negatively impact the environment for
years to come.
E. O. Wilson has proposed the Half-Earth Project to “conserve half the land and sea
to safeguard the bulk of biodiversity, including ourselves” (Wilson, 2016). We need to re-
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order our priorities, emphasize science-based solutions, and open our hearts and minds to
understand what is truly important and what is truly at stake. Our world does not need
more resorts, casinos, and golf courses; we have enough of those already. What we need is
an appreciation for wild spaces and species, for creatures that live beneath the surface
away from our view. There are no monsters lurking in the depths, only that which we do
not understand. Ecology is the study of living organisms, including humankind, and the
environment; greater knowledge can lead to a better understanding and appreciation of
our world, parts of which are extraordinary.
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ABSTRACT: We review the progress made in the emerging ﬁeld of coastal seascape ecology, i.e. the application of
landscape ecology concepts and techniques to the coastal marine environment. Since the early 1990s, the landscape
ecology approach has been applied in several coastal subtidal and intertidal biogenic habitats across a range of spatial
scales. Emerging evidence indicates that animals in these seascapes respond to the structure of patches and patch
mosaics in diﬀerent ways and at diﬀerent spatial scales, yet we still know very little about the ecological signiﬁcance of
these relationships and the consequences of change in seascape patterning for ecosystem functioning and overall
biodiversity. Ecological interactions that occur within patches and among diﬀerent types of patches (or seascapes) are
likely to be critically important in maintaining primary and secondary production, trophic transfer, biodiversity, coastal
protection, and supporting a wealth of ecosystem goods and services. We review faunal responses to patch and
seascape structure, including eﬀects of fragmentation on 5 focal habitats: seagrass meadows, salt marshes, coral reefs,
mangrove forests, and oyster reefs. Extrapolating and generalizing spatial relationships between ecological patterns and
processes across scales remains a signiﬁcant challenge, and we show that there are major gaps in our understanding of
these relationships. Filling these gaps will be crucial for managing and responding to an inevitably changing coastal
environment. We show that critical ecological thresholds exist in the structural patterning of biogenic ecosystems that,
when exceeded, cause abrupt shifts in the distribution and abundance of organisms. A better understanding of faunal–
seascape relationships, including the identiﬁcations of threshold eﬀects, is urgently needed to support the development
of more eﬀective and holistic management actions in restoration, site prioritization, and forecasting the impacts of
environmental change.
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Connectivity
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ABSTRACT: Spatial pattern metrics have routinely been applied to characterize and quantify structural features of
terrestrial landscapes and have demonstrated great utility in landscape ecology and conservation planning. The
important role of spatial structure in ecology and management is now commonly recognized, and recent advances in
marine remote sensing technology have facilitated the application of spatial pattern metrics to the marine environment.
However, it is not yet clear whether concepts, metrics, and statistical techniques developed for terrestrial ecosystems
are relevant for marine species and seascapes. To address this gap in our knowledge, we reviewed, synthesized, and
evaluated the utility and application of spatial pattern metrics in the marine science literature over the past 30 yr (1980
to 2010). In total, 23 studies characterized seascape structure, of which 17 quantiﬁed spatial patterns using a 2dimensional patch-mosaic model and 5 used a continuously varying 3-dimensional surface model. Most seascape
studies followed terrestrial-based studies in their search for ecological patterns and applied or modiﬁed existing
metrics. Only 1 truly unique metric was found (hydrodynamic aperture applied to Paciﬁc atolls). While there are still
relatively few studies using spatial pattern metrics in the marine environment, they have suﬀered from similar misuse as
reported for terrestrial studies, such as the lack of a priori considerations or the problem of collinearity between metrics.
Spatial pattern metrics oﬀer great potential for ecological research and environmental management in marine systems,
and future studies should focus on (1) the dynamic boundary between the land and sea; (2) quantifying 3-dimensional
spatial patterns; and (3) assessing and monitoring seascape change.
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